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Introduction 


A great deal of experimental data on the cross sections for elementary particle 
interaction has been so far accumulated. However, these data are distributed 
in numerous original papers and reports what makes the use of them very diffi- 
cult. Besides, in a number of papers the cross sections were determined from 
relative measurements (e. g., the ratio of the elastic scattering cross section to 
the total cross section was measured, the value of the latter one has been taken 
from another paper). The cross sections thus obtained must be renormalized in 
accordance with the more recent experimental data. In some cases such a re- 
normalization changes considerably the magnitude of the cross sections pointed 
out in original papers. 

At the present time several reviews are available in which the experimental 
values of the cross sections are gathered: in reviews [1—3] are treated the cross 
sections for proton and neutron interaction with protons; in review [4] the total 
cross section for pion interaction with nucleons; in [4] are collected the data on 
interactions of nucleons, antinucleons, K and z-mesons at high energies 7’ 
> 0.8 Bev!). However, these reviews are far from being complete. So, after 
paper [5] had been published, we received many letters from experimentalists 
who specified and supplemented the data they published earlier. There were also 
obtained new theoretical and experimental results which specify essentially the 
picture of particle interaction at high energies. 

In the following we are going to treat in more detail the experimental data on 
the cross sections for the interactions of nucleons, antinucleons, K- and z-mesons 
at different energies. A special emphasis is laid upon the region of high energies. 
The interactions at these energies have some specifie features, common for 
particles of different kinds. From the analysis of these interactions it is possible 
to get the information on the phenomena occuring in the region of very small 
space-time scales. . 

A majority of experimental data is obtained from the experiments with accelera- 
tors where large densities of the particle beams allow to make precision measure- 
ments. Only an insignificant part of the data is extracted from the cosmic ray 
1) Here and everywhere further 7’ will denote the kinetic energy of an incident particle in 


the lab. system. 
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experiments. A comparatively low accuracy is gained in these experiments be-_ 
cause of difficulties in measurements. The measured magnitudes are, as a rule, 
averaged over large energy intervals. However, this small part of the data is of 
greatest importance since it yields information on particle interaction at gigantic 
energies of hundreds and thousands Bev. If the 25 Bev accelerator recently 
starfed up at Geneve makes it possible to penetrate into the matter up to the 


distance of 2 =~ TJ ~5-10-5 cm, then the cosmic ray experiments are 
likely to remain for long the only means of studying the space-time scales: 
A ~10- — 10-1 cm. 

As far as the possibilities of high-energy neutrino experiments have been re- 
cently discussed intensively (see, e. g., [7] where a detailed bibliography is given), 
we are going to consider in brief the theoretical data on the cross sections for 
weak interactions at very high energies. 


If. Experimental Data 


Different definitions of the interaction cross sections are used in original papers. 
Therefore, before passing to the consideration of the experimental data we agree 
on what we shall mean by different kinds of the interaction cross sections and 
introduce necessary notations. 

The total interaction cross section o; is composed of the elastic scattering cross 
section dei and the cross section for inelastic processes oin: 


Ot = Oe1 + Oin 
in its turn 


Jel = Oa + Op + ie + Gap- 


Here oa is the cross section for the diffraction scattering. This part of elastic 
scattering is completely determined by inelastic reactions and vanishes at 
Oin— 0. 

dp is the cross section for elastic “potential scattering’. The Coulomb scattering — 
of two charged particle or scattering of the nucleons which exchange a meson 
may serve as an example of such scattering. It is essential that the interacting 
particles preserve their individuality at each moment of time. 

In the process of interaction the primary particles may loose their individuality 
at some moment of time having formed one “compound-particle’’ which, in the 
particular case, may decay again into these particles. Such elastic scattering 
will be characterized by the cross section oie where the index i indicates the “‘in- 
elastic origin” of this scattering. In some cases (e. g., in the course of calculations 
of the probabilities of the compound-particle decay) it turns out to be necessary 
to include oje into the cross section for inelastic reactions Gin. However, in the 
following it will always be clear what is meant by the cross sections cei and Cin. 
Gap 18 the cross section for scattering which is due to the interference between the 
diffraction scattering and that part of the potential scattering which is coherent 
to it. It stands to reason, that elastic scattering via the compound — particle is not 
coherent with the diffraction scattering. 

In some cases one can distinguish such a type of elastic scattering when the 
nature of particles does not alter as a result of interaction, but the particles change 
their roles: for instance, in proton-neutron scattering p+n—->n-+p. Such a 
scattering may be colled the “‘scattering with a commutation”. Evidently, 
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Opn—snp (9) = opn_+pn(a — 0). From the physical point of view at low energies the 
scattering with a commutation differs in no way from elastic scattering of the 
“usual type’’, since the angular distribution o(0) is symmetrical with respect to 
the angle @ = 2/2. However, at high energies the “usual elastic scattering” 
is mainly concentrated in the angle region 6 < x/2, and the elastic scattering 
with a commutation may be found experimentally [8, 9]. 

The cross section for inelastic interaction oin is composed of the cross sections 
for all possible inelastic channels of the reaction 


Cin = ) of . 
q 


A particular case of inelastic scattering is “charge exchange elastic scattering” 
(e.g., m™-+ p—>7°+ n), characterized by the cross section oex. However, in the 
following it will be more convenient for us to consider this cross section separately 
and not to include it into oin?). : 

Another channel of inelastic scattering is the ‘‘spin-flip elastic scattering” with 
the cross section os. If the cross section averaged over the spins of interacting 
particle is measured experimentally (the unpolarized beam and unpolarized 
target), then os is included automatically into the experimental value of the 
elastic scattering cross section oe1. 

We agree also to use the following short notations of the methods with the aid 
of which the experimental data are obtained: 


H-BC — hydrogen bubble chamber; 
D-BC — deuterium bubble chamber: 
P-BC — propane bubble chamber; 
H-DC — hydrogen diffusion chamber; 
D-DC — deuterium diffusion chamber; 


IC — ionization chamber; 
Cc — counters; 
Em  W— an analysis of primary particle interactions in the emulsions; 


H-Em — the primary particles, scattered on the hydrogen targed, are detected 
by the emulsion; 


Cu — the neutrons scattered on. the hydrogen target were detected according 
to the reaction Cu®(n, 2n) Cu®; 
CC — the neutrons scattered on the hydrogen target were detected according 
: to the reaction C!?(n, 2n) C™; 
N — the method of measurements is not indicated. 


The errors in the cross section do; if they are not indicated by the authors, are 
assumed to be: do¢ = yo o21 + dof. Analogously, we shall calculate the errors 
of elastic and inelastic cross section doe: and doin (if experimental errors of two 


other cross sections are known). . 
After these general remarks we are proceeding to the consideration of the ex- 


perimental data. 


2) In many papers dex is included into ojn at high energies. However, Gex << Fin and bad 
5 I Sg ahs EE “te Pe oN Tb ace eam PE ME cys 
respective change of ojn is insignificant. At low energies ax is large and it is convenient to 


considered separately. 
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291. Nucleon-Nucleon Interactions 


Tables I — VI present experimental data on the cross sections for NN interactions. 
At low energies the Coulomb forces affect essentially the proton interaction, 
Therefore, the cross sections obtained by direct integrating the experimental 


angular distributions of = 4 ‘f o(0)dQ2 will considerably differ from the 


‘nuclear cross sections’). It is possible to get more exact values of the cross 
sections for pp interactions which do not include Coulomb contributions if one — 
takes into account that at low energies the nuclear scattering is isotropic, and 
the Coulomb forces distort the angular distributions o(#) only in the small 
6 < x/2 and large 0 > 2/2 angle regions. 
In this case 

Onuctear (9) ~ Gexper (90°) 


Oi 4 f Onuctear (8) 42 = 22 exper (90°). (1) 


Such an approach is justified up to the energies of about 300—400 Mev, since 
at these energies the experimental angular distributions are indicated to be 
still isotropic with the exception of small and large angle regions [3, 10]. Formula | 
(1) is not applicable for very low energies when the Coulomb scattering takes 
place at the angles 0 = 2/2 with a noticeable probability. 

In Fig. 1 the cross sections calculated by formula (1) are compared with those 
calculated by the experimental values of the nuclear scattering lengths (in more 
detail see 3.1). As is seen, in the range of energies 7’ ~ (1—20) Mev the Coulomb 
forces increase o+(pp) appreciably. 

Up to the energies of 7’ = 400 Mev the majority of the cross sections given in 
Table 1 have been obtained by formula (1). The same formula was used in cal- 
culating the errors do; = 226cexper(90°). These errors are underestimated 
since the errors due to an inaccuracy of (1) are not taken into account. 

In some papers the reaction C¥ (p, pn) C4 was employed as an absolute monitor 
in measuring o;(pp). As faras at present the values of the cross sections for this 
reaction are found to be more exact [11, 12], then some of the values of o+(pp) 
obtained earlier should be renormalized. The renormalized values of the cross 
sections are indicated in Table I by the sign +. 

In some cases the cross section oin in Table III has been obtained by summing 
the cross sections for the partial inelastic channels taken from the papers of 
different authors. At the same time the cross section for p + p—>z+-+d has 
been determined in some cases with the aid of the experimental cross section for 
the inverse reaction x++d->p-+p. All the papers used for calculating oin 
are listed in references. 

In Table I are also given the values of the cross section o:(pp) = or(nn) ob- 
tained by the difference method from the experiments on scattering and absorption 
of neutrons on deuterium and hydrogen 


or(nn) = oy(nd) — o¢(np) + I (nd). 


By analogy the cross sections for pn interaction shown in Table IV have been 
calculated : 
or(pn) = or(pd) — or(pp) + Z(pd). 


3) The factor 1/2 before the integral takes into acount the identity of the two protons after 
elastic pp scattering. : 
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The corrections J(nd) and J(pd) are due to the fact that the absorption or 
scattering of an incident nucleon by the nucleon of a deuterium nucleus decreases 


if the latter one falls on the shadow of the other nucleon (the screening effect) 


These corrections have been calculated by GLAuBER’s method [13] (in more 


Table I. pp interaction 


-oororor __  rerrerr————————— 


Ape method o+ [mb] gh method o; [mb] 
epee er nevitetys Si eke 2 fas Ae tel hy Se 
0 *) 17800 - 40 44,66 C [37] 59,7 + 0,6 
1,855 Mev C[14] 1053 + 30 50,17 C [37] 52,8 + 0,6 
2,425 C [14] 985 + 2 52 C [42] 55,5 - 3,9 
3,037 C [14 884 +3 56,15 C [37] 46,8 + 0,5 
3,435 H-Em [15] 835 + 15 61,92 C [37] 42,5 + 0,4 
3,527 C [14] 812 + 2 66 C [44] 41,4441 
3,899 C [14] 757 +2 68,3 © [45] 38,7 - 0,4 
4,203 C [14] 717 2 68,42 C [37] 38,5 -- 0,4 
4,96 H-Em [16] 625 -L 13 69,5 C [42] 37,4 + 2,3 
5,07 H-Em [17] 602 + 6 75 © [46] 36,4 -L 7,5 
5,14 C [18] 597 + 13 78,5 O [42] 33,9 + 2,0 
5,77 H-Em [27] 548 + 4 85 CC [47] 34,0 + 3,0+ 
5,77 C [27] 556 + 5 93,4 C [48] 33,0 - 5,0+ 
6,848 H-Em [15] 479 + 9 95 OG [44] 28,5 + 1,3 
7,03 H-Em [22] 414 +1 95 C [42] 29,2 + 1,6 
7,514 H-Em [15] 435 4 7 95 CC [49] 31,0 + 4,0+ 
8,0 C [23] 371 97,2 C [48] 32,0 + 4,0+ 
9,68 C [24, 37] 343 +3 98 C [50] 27,7 1,3 
9,69 C [26, 27] 342 4+ 3 105 C [46] 30,167 
9,7 CG [28] 352 +3 109 C [51] 29,1 + 3,6+ 
10 | C [29] 314 + 13 117 C [57] 27,2 + 2,4+ 
12,4 H-Em [30] 252 -L 5 118 CO [44 25,1 + 1,3 
14,16 C [37] 227 + 3 118 C [52] 24,8 4 0.8 
14,5 C [32] 210 +1 132 C [5st 25,3 + 2,44 
18,2 C [33] 171 464 142 C [50] 25,2 + 1,2 
18.8 C [34] 171 44 144 CO [53] 20,2 + 041 
19,8 C [35] 155 +2 146 C [54] 22.6 + 2.5 
21,9 CG [34] 143 43 147 C [44] 25,7 + 1,2 
25,2 C [34] {17 4.3 147 C [55] 22,4 + 2.6. 
25,45 [34] 1193 149 C [57] 24,8 2.0" 
25,63 C [36] Let 153 C [56] 24,3 + 0,2 
28,16 CG [24] 102 +1 155 C [57] 23,0 + 3.1 
29,4 H-Em [38] 100 +3 160 C [3] 26,1 + 1,0 
30,14 H-Em [39] 04 + 2 164 C [52] 22,6 1A 
31,15 C [37] 92 +1 169 C [59] 23,1 ce 2.0% 
31,45 C [34] 9142 169 C [51] 23,1 2,0 
31,8 C [34] 90 + 2 170 © [60] 23,2 + 1,9 
; ; ‘16 25,8 -- 2, 
31,8 C [40] 89 +2 208 C [67] 25 

ce 8441 225 © [62] 22.4 + 0,9 
34,2 C [37] 4 : ae 
36,9 6 [37] 76-1 240 C [63] a 
39,4 C [47] 69,2 + 0,05 240 ie ve [64] a 4. 
39,6 C [37] 7041 247 C [52] nae ae 
AL C [42] 71,6 + 5,0 260 C (60) me = 
42 OC [43] 86 - 13+ 270 C [53] 23,0 + 2, 


*) Calculated by the experimental value of the scattering length (see 3.1). 


554 


V.S. BarasHEnKov and V. M. Matrsev 


Table I. (continued) 


Ip method ot [mb] fie method ot [mb] 
ee a i a aaa 
270 C [65] 19,0 - 3,0 925 Em [83] see Sr) 
280 C [66] 16,0 + 4,0+ 940 C [84] 49 +5 
315 C [61] 24,3 + 1,0 1,0 Bev C[74] 48 + 3,5 
330 C [62] 23,4 + 0,9 + 2,0 
345 G [52 23,2 + 0,3 eee Cea 26. D ie 
350 C [67] 23,2 + 0,7+ 46 
380 C [68] 23,0 + 1,5+ L078 Cet) 48,3 44 
380 C [69] 24,4 + 0,4 ; 5 
408 [70] 24.0 + 1,0 1,17 C[?7] 46 Seema 
41 Z 28,0 + 4,0+ ; 
. ew 8:0 i sy 1,275 C [87] 475s ee 
410 C [72] 26,5) ag re 
410 G [73] 26,9 + 0,7 1,295 vet 49,4 44 
440 C [74] PI = D0 + 3,0 
1 
460 C [73] 27,6 + 0,4 3 CHa AS as 1,0 
500 C [68] 30,6 + 2,0+ 14 C [85] 50,4 + 1,8* 
500 C [73] 29,9 + 0,4 1,490 C [87] 47,2 7 =, 
528 C [84] 30-47 if ae 
535 C [72] Ponte ve Cra 206 aig 
540 C [73] 32,1 + 0,5 2,0 O [81] Aint a 
560 C [75, 76] 34,0 + 0,5 sora 
o ee oe 2,0 H-BC [455] 48,5 » i 
590 C [68] 37,8 ote 2,17 C [77] 45,1 | 5 
590 0 [74] 36,0 + 3,0 rt 
600 © [73] 36,6 L 0,5 2,6 C13, 86] 4160 
S aon oe ae Ud ; 
615 C [72] 37,7 140 2,75 C [77] 43,3 * fe 
620 C [73] 38,6 + 0,5 3,0 Em [87] 44,5 + 2,0 
sh ; 65] ae + ae 3,0 Em [88] 42,5 
” al 8 + O, i 117 2.4 + 
aa oe Aner 3,17 C[77] 42,4 + 0,6 
ae 4,14 C [89] 43,7 42047 
740 C [72] 44.4" 5'6 5,13 C [89] 43,7 + 0,4 
She eer ae he 5,3 H-DC [90] 32,4 + 6 
147 C[77] 46,9 " 96 6,12 C [89] 43,3 + 0,4 
765 C [78] 44,8 +..3,8+ 6,2 Em [97] 31,4 
chy on “nee 9 Em [92] 31 + 7,6 
” — dol 9 C [93] 39,4 + 1,5 
800 C [ra] AT 4.2 1 Oe 
om 9,14 C [89] 42,1 + 0,4 
800 C [77] AT Ga 9,8 C [89] 40,1 + 0,6 
810 H-DO[79, 80] 48 44 11,5 C [93] 39,0 + 1,5 
830 C [87 ae + 1,6 wee ~ 193] SB Toa 
8: 1 (S87] 47,8 — 12 16,8 C [93] 30.7 Seeing 
21 ; ah 18,5 C [93] 39,7 + 1,5 
850 179 7p > > 30 
a rez) 10) Seo 20,5 C [93] 39,4 + 1,5 
910 C [82] 46,1 + 0,5 22,6 Em [25] 42,5 + 1,4 
920 C[77] 47.7 1 39 23,3 C [93] 38,7 + 1,5 
ht 27,5 C [93] 39,9 + 1,5 


——— 


oe 
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z a ee 


method dei [mb] db method Ge [mb] 
erie er aa A ee eee ee 
Below the threshold for ~°-meson pro- +3 
duction 7’ < 290 Mev oe = o¢ 1,0 Bev [74] 19,2 "5 
‘e Mev ‘ [95] 21,5 + 0,8 1,0 © [103] 20,8 + 1,0 
2 [53] 21,5 + 1,9 1,0 C [104] 20,70 Be 
E 105) 20: 2 
437 0 [97] 23,8 +- 1,2 2.0 LBC 455 és 
440 © [74] 23,5 + 1,2 sc Rabie irks eee 
460 C[75, 76] 24,0 + 0,6 2,24 C [86] 16,9 + 2,5 
528 C [84] 24 5 2,75 H-DC [80, 107] 16 +2 
560 C[75, 76] 25,2 + 0,8 2,85 H-BC [709] 17,3 + 1,5 
582 P-BC [98] 24,2 + 1,6 2,9 Em [108] 12,5 + 2,5 
590 C [74] 25,0 + 2.0 3,0 Em [87] 8,9 + 1,0 
650 H-DC [99] 26,3 + 1,8 4,4 C [86] 9,0 + 1,4 
660 C [75, 76] 24,7 + 1,0 5,3 H-DC [90] 5,6 + 2,3 
800 C[3, 74] 21,5 + 2,0 El pee 13 + 6 
810 H-DC [79,80] 24 4.2 ape 0 [56] ee 
; = 6,2 Em [97] 8.8 2 
925 Em [83] 174-3 6.2 N [111] : 
930 P-BC [100] 21,6 + 2,5 8,2 Em [112] 8,74 + 0,4 
940 C [84] 264 3 9 Em [92] 10+3 
970 H-DC [101 25,8 + 0,9 3,9 
970 D-DC a 25,9 = 1,7 mE Ico 557 2,8 
Table III. pp interaction 
iM method Gin [Mb] ‘B method On [Mb] 
Below the threshold for z°-meson pro- 620 C [73] 13,6 + 1,1 
duction 7’ < 290 Mev oin = 0 633 C (113, 118, 120] 14,81 + 0,87 
340Mev C[113, 115] 0,55 + 0,12 640 © [73] 14,812 
345 C[113, 114,116] 0,67 + 0,13 650 H-DC [99] 14,4 + 1,4 
380 © [113, 114, 116] 1,85 + 0,35 650 C [113, 118, 120] 16,0 + 0,88 
410 C [73] 2,9 + 0,9 657 C §L13; 1184720) 717,22 20.87 
437 C [117] 2,43 + 0,34 660 C [73] 1657 ce ioe 
440 C [74] 3.5 233 800 C[3, 74] 25,5 + 2,8 
460 C [73] 3,6 + 0,7 810 H-DC [79, 80] 449 
485 C[113, 118, 119] 3,84 + 0,56 925 Em [83] 34 + 5,5 
500 C [73] 4,9 + 1,1 940 © [84] 93 383 
510 C [113, 118, 120] 5,94 + 0,70 970 H-DO [107] 20,9 + 1,3 
520 C [113, 118, 119] 5,98 + 0,68 970 D-DC [102] rete set 
528 C [84] 6+3 1,0 Bev © [74] 28,8 a2 Fo 
540 C[73] 7,1 + 1,1 1,5 H-DC [80, 105] Pye 
560 Cuioe76] 8,8 + 0,9 2,0 H-BC [455] 29,8 + 2,1 
560 C [113, 118, 120] 8,38 + 0,68 2,75 H-DC [80, 107) 2%+3 
580 C[73] 10,6 +-1,1 3,0 Em [87] 35,6 + 4 
584 C [113, 118,121] 10,3 + 0,8 5,3 H-DC [90] 26,8 + 5,5 
590 C [74] 10,8 + 3,6 6,2 Em [97] 22,6 + 5,3 
597 C[113, 118, 120] 11,39 + 0,85 } wie vost 
one ape eee wt 6,2 Em [122] 23 ls 
610 C [113, 118, 120] 12,38 + 0,85 9 Em [92] Sie 
620 C [113, 118, 120] 13,54 + 0,90 22.6 Em [25] sna 
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nnn nn ne EEE EEES SEE EEESSSSSSSESSES nn 


Te method o+ [barn] Te method o+ [bm] 
ee a me EMT 
Oev *) 20,57 + 0,04 19,6 IC [128] 520 + 90 

19,66 C [135] 494 + 2,5 
1,0 C [123] PG O,2 K 
5 19,93 C [136] 504 + 10 
15 O [123] 19,8 + 0,1 > aia ean 
17 ~ 0 [123] 20,3 + 0,1 21,10 IC [128] ae 
20 © [123] 20,1 Ou 25 CC [137] 390 + 30 
24 C [123] 20,0 + 0,1 27,2 C [138] 360 -— zu 
28 © (723) 20,8 - 0,1 38,0 C [139] 223 Oe 
35 C [123] 20,6 + 0,1 39,0 C [140] 223,0 + 7,6 
45 C [123] 20,4 + 0,1 42,0 CC [147] 203 + 7 
58 CO [123] 19,5 + 0,1 42,0 C [142] 170,0 + 8,3 
67 C [123] 22,3 + 0,4 47,5 C [143] 196 aE 10 
79 C [123] 20,1 + 0,4 63 C [139] 1264-3 
94 C [123] 20.7 =. 08 64,5 C [140] 126 +3 
110 C [123] 20,3 4- 022 85 CC [144] 83 + 4 
140 C [123} 19,8 + 0,3 88 C [143] 86,1 + 2,0 
180 CO [123] ITSO 90 IC [145] 93,0 + 7,0 
230 C [123] 20,8 + 0,4 90,0 C [142] _ 76,0 41,7 
300 C [123] 20,2 + 0,4 93,4 C [146] 77,0 + 5,0 
430 © [123] 19,3 + 0,3 95 C [139] 73,9 + 3,0 
660 C [123] 20,8 + 0,3 95 C [147] 73,0 + 1,5 
1ikev OC [123] 19,5 + 0,3 97 C [140] 13,9 = 3.0 
1,9 C [123] 19,5 + 0,3 97,0 C [148] . 74,0 + 10,0 
10 CO [123] 16,0 + 0,2 97,2 C [146] 76,0 + 3,0 
100 C [123] 10,5 + 0,2 101,1 C [146] 80,0 + 7,0 
1,005 MevC [124] 4,228 + 0,018 106,8 C [146] 59,0 + 16,0 
1,315) ,C [125] 3,675 -- 0,020 117 C [148] 61,5 + 8,6 
2,54 C [124] 2,525 + 0,009 126 C [139] 56,9 + 1,8 
4,75 © [126] 1,69 + 0,006 140 C [148] 48,5 + 5,6 
7,17 C [127] 1,24 + 0,020 153 C [139] 46,4 + 1,2 
8,77 C [127] 1,04 + 0,010 156 C [140] 46,4 + 1,2 
9,30 IC [128] 920 + 80mb 156 C [148] 50,5 + 8,3 
10,42 C [7127] 940 + 20 160 C [149] 51,2 + 2.6 
10,60 IC [128] 780 + 90 169 C [150] 49,2 + 1,6 
11,13 C727) 880 ++ 20 180 C [148] 44,0 + 12,0 
12,50 C [129] 690 + 10 208 C [157] 37,0 + 2,0 
12,80 IC [128] 830 + 90 220 C [148] 41,3 +.3,5 
13,13 C [127] 760 + 20 220 C [149] 41,0 + 4,0 
13,50 C [129] 694 + 19 260 C [152] 35,0 + 8,8 
13,90 © [130] 770 + 40 270 © [153] 38,0 + 1,5 
14 Cu [131] 700 + 60 280 C [154] 33,0 + 3,0 
14 C [132] 690 -- 60 315 © [151] 32,5 = 4.07 
14,02 C [127] 720 + 10 350 CO [155] 35,6 + 0,7 
14,10 C [133] 689 + 5 380 © [156] 34,0 + 2,0 
14,12 C [134] 686 + 7 ) se Te 
14,20  Cu[3] 675 + 20 eel CHE d ae 
14,80 IC [128] 610 + 90 408 C [158] 3156 2.0% 
15 Cu [137] 660 + 70 410 © [159] 33,7. 13 
16,5 IC [128] 660 + 100 500 C [156] 35,0 + 2,0 
18,10 IC [128] 550 + 80 590 C [156] 36,0 + 2,0 


*) Calculated by the experimental values of the scattering lengths [see 3.1). 
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_ Table IV. (continued) 
a a eens oneness ofertas 


T method ot [barn] T method ot, barn] 
errata ee ee ae 
590 © [157] 36,2 Py : ee ales Sod ae 
oS | 48 0 [87] 40,8 + 1,9 
630 C [156] 37,0 + 4,0 2,0 C [87] 40,9 ze nee 
765 C [160] 34,4 + 1,6 2.6 CO [87] 37,4 + 1,8+ 
at) 0 [87] 32,5 + 1,2+ 4,5 C [161] 33,6 -L 1,6 
910 C [82] 39,2 + 3,1+ 8,5 Em [9] > (30 + 32)** 
970 D-DC [102] 37,5 + 3,77 9 C [93] 42 + 2,9+ 
1,06 Bev C [87] 34042,0+ | 14,9 C [93] 42,1 + 23+ 
1,26 C [87] 38,8 + 1,4+ 23,2 © [93] 41,4 + 2,3+ 


**) When determining this value in [9] some assumptions have been made, the validity of 
which is far from being evident. 


Table V. np interaction 


rT method | oarfmb] | oin mb] 
Below the threshold for z°-meson production T < 290 Mev 
Cel = Of and oin = 0 
300 Mev | IC [162] ‘ ~0,08 
380 C [156] ~33 ~1 
400 H-Em [163]; C [164] — | 0.72 + 0,10 
440 C [164, 156] <= | 1,35 + 0,3 
485 C (164, 156] — 3,00 + 0,70 
520 C [164, 156] | _ 4,4 + 1,0 
560 C (164, 156] — 5,21 - 0,85 
590 C (164, 166] | — 5,8 + 0,5 
597 C (164, 165] | — 8,9 + 1,0 
610 C [164, 165] — 10,1 + 1,4 
620 C (164, 165] — | 10,8 + 1,5 
630 C (164, 165] — 11,7 + 1,0 
630 C [167] 26,0+4,5 — 
645 C (164, 165] — 11,8 + 1,5 
660 C (164, 165] — 10,5 + 2,4 
665 C [164, 165] — 11,3 + 1,4 
970 D-DC [102] 16,2+3,5 21,3 +3 


. detail see Appendix I). Their values is not determined very exactly. Therefore, 
the values of o;(nn) and o;(pn) given in the Tables should be considered as 
approximate. Here the errors in do¢ are purely statistical and smaller than the 
real ones. For energies of 7’ > 1 Bev the magnitude of screening corrections 
makes up about 15—20%. At lower energies their magnitude decreases; below 
the threshold for inelastic reactions the screening corrections may be neglected. 
All the cross sections obtained by the difference method from the experiments with 
deuterium are indicated in the Tables by the sign f. 

In Table VI are shown the values of o; and oin, the average ones for pp and pn 
interactions, obtained by analysing (within the framework of the optical model) 
the experimental values of the proton mean free paths in emulsions and the 
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experimental values of the pro 
Appendix II.) The errors 60 g 
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ton interaction with nuclei. (In more detail see 
iven in the Table correspond to the statistical 


— 


errors in the values of the mean free path and of the cross sections for proton” 
interaction with nuclei‘). 


Table VI. pN interaction 


——— ed 


Ds [Bev] iD [em] 
m. f. path in | ojp [mb] o¢ [mb] 
Energy ES emulsion*) 
interval energy 
Pee i | One ee 
= 4,5 [168] = — 35 +3 
+ 16 
- 5,7 [110] 37,6 + 5,3 _ 29 4 
+ 11 
— Bet AAS 35,6 + 2.4 _ 34 5 
3 +13,5 
- 6,2 [170] 34,7 + 3,4 - Dee 6,5 
— 6,2 [171, 172] >36,4 — Sl 
—- 6,2 [122] 38,2 + 1,5 - 2843 
— 9 [92] 37,3 + 0,7**) - 30 + 2 
-- 9 [173] 35,7 + 0.7 = 33 + 2 
>9 20 [174] — — 32 + 10 
+3 
— 22,6 [25] 36,6 + 1 — 31 +9 
0.9 + 34 20 [175] — — 32 +3 
28 = 58 37 [176] — 28 +4 — 
58 + 121 77 [176] — 21+ 4 = 
~ +18 
121 387 | 178 [176] = sds = 
24 
— 200 [177] 42 + 10 -- 22 : 13 
26 
S 250 [58] 41 + 10 a Ga. 


*) As comparative calculations have shown, the mean free paths in the emulsion of the 

Nixri-P and Ilford G-5 types are practically not different (see Appendix in more detail). 

**) The statistical error indicated in [92] (8L = 0.3) is incorrect by a misunderstanding. We 
are grateful to M. I. PopGorEersky who drew our attention to this inaccuracy. 


The average energy of the three last intervals has been calculated with acount 
of the energy spectrum of protons in the atmosphere. 

As one can see, in the energy range 1—10 Bev the values of o(pN) thus obtained 
yield an underestimated value for the cross sections o(pp) and o(pn)*). However, 


*) In the papers cited in Table VI, the systematic errors due to a possible missing of stars in 
scanning the emulsions are not undicated. The account of these errors increases the values of 
o4(pN) in Table IV. 

A study of the measurement accuracy in emulsions recently undertaken at our Institute by 
B. P. Banntk and V.G. Grisurn has shown that by employing usual methods of measure- 
ments the systematic error in 6 Z is, on the average, about two centemeters. 

We are grateful to M. J. Popcorersxy for detailed discussions of these problems. 
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in cosmic ray experiments at 7’ > 10 Bev the measurement of the m. f. path 


/ J informat Oo bo t () o ) e 


The main experimental data are summarized in Figs. 1—3. 
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__Fig. 1. Cross sections for nucleon interaction at very low energies. 
Solid curves show the values calculated by the effective range approximation (see 3.1). All the cross 
sections are given in the units of 10~** em’. 


The charge symmetry and invariance considerations with respect to the charge 
conjugation lead to 


o(pp) = o(nn) = o(pp) = o(nn) 
o(pn) = o(pn) 


irrespective of what cross section ot, din OF Ge1 it is®). 


5) It is clear that we neglect the electromagnetic interactions what is not, of course, correct 
for extreme peripheral collisions leading to small-angle scattering. However, these collisions 


give a very small contribution to the cross sections 06+, Gin, Gel: 
The above-mentioned identities of the cross sections remain also valid for the differential 


elastic scattering cross sections o (9). 
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It is seen from the given experimental data that with the energy increase the 
cross sections for pp interactions are tending to the constant values. It was 
very recently thought that the limiting value of of ~ 30 mb. Hea 
experiments carried out at the 25 Bev accelerator at Geneve have shown that 
this calue should be increased by 10 mb [8, 9]. The limiting values of the cross 
sections oe: and oin are equal approximately to (8—9)mb and (30—32) mb, 
respectively. 


of | 
30 | 
70 } 20; 

4 0e/ 
60 ° Tin 
50 r 

g 

40 et 
30 WA e prs 
20 + 4 ! 
my ere 


0 = i ee i = 
10 Mev 100 Mev 1 Bev 70 Bey T 


Fig. 2. Cross sections for proton-proton interactions. The values of o are given in the units of 10727 em®. 


The cosmic ray experiments show that within the experimental error the cross 
sections remain constant up to the energies of some hundred Bev. An analysis 
of the experimental data on wide atmopheric showers point out that the order of 
the magnitude of the cross section o; does not appreciably change, very likely, 
up to the energies 7’ ~ 10° Bev. However, the accuracy in cosmic ray experi- 
ments is not high, and this conclusion is not a strict one®). 

The experimental information on np interaction is very poor at high energies. 
However, one can see from the Tables I—VI and from Figs. 2—3, that with 
energy the cross section o;(np) is getting equal to o;(pp) by its magnitude. Recent 
measurements [93], carried out at Geneve, show that at 7’ > 10 Bev the ex- 


°) We are grateful to 8. PerNecErR, B. SamaxK and other workers of the cosmic ray group 
in Prague for a detailed discussion of these problems and valuable remarks. 
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perimental value of the Glauber correction is 
: I = ot(pp) — o¢(pn) = (5 + 2) mb. 


and independent of energy. 


It can be expected that at high energies the elastic and inelastic interaction 
cross section of nucleons are also equal to each other: 


Jei(PP) = oei(pN); — oin(pp) = oin(pn). 


The measurements made by BRENER and WILLIAMS [176] have shown that in 
the energy range from 28 up 387 Bev the cross sections for inelastic proton and 
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Fig. 3. Cross sections for proton-neutron interactions. The values of o¢(pN) calculated according to the optical 
theory are indicated. 
All the cross sections are given in the units of 107°" cm’. 


neutron interaction with Fe nuclei are not distinguished within the experimental 
error (~30%) what predict the equality between the cross sections for inelastic 
pp and np interactions at these energies. 


22. Antinucleon-Nucleon Interactions 


The experimental data on antinucleon-nucleon interactions are poorer than on 
NN interactions and restricted to the energy region 7’ < 10 Bev, In the range 
of low energies the experimental errors are large. The values of the cross sections 
for pp and pn interactions available now are listed in Tables VII, VIII and on 
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Fig. 4. In some cases, the given cross sections are averaged over wide energy 
ranges. The magnitude of these intervals is indicated in parentheses. In each 
of these cases the “average antiproton energy” is also shown, which does not al- 
ways coincides with the ‘average energy of the interval”. 


Table VII. pp interaction 


Jy eye Sy Set ee” eee eee : 


UE method Oe [wb] Oex [mb] Cin [mb] _  o¢ [mb] 
50(5-80)Mev| H-BC[178]| 96-443 = ee 210-470 — 
106 (754-137) | P-BC[179] | 66417 <15 112 +23 |<193-440 

* 
120 P-BO [130] | >41 * a ) = = — 
133 O [187] Ph ior gat come 
137(75--200) | P-BC [179] | >62 + 12*) ee ve pa 
127 (20+: bene ow 
1(20-++-235) | Em [182] | >58,' 42 = - = 
125 (0 + 250)| Em [183] 17-417 = = = 
140(30-+-250)| Em[184] | 70,9 4 12,7 = Es fs 
150(20 +230) | Em [185] AR u rf == <86 Me Se = 
150(50-+250) | Em [186] 71 + 13 = = = 
170 
(37,5 + 200) | P-BC[179] | 56+ 14 = 60 + 18 = 
190 C [187] = a a 135 + 16 
sa 2 : 
197 C [181] 64 |g i , 11 rf 159 ee 
a7, +6 a2 
265 C [181] ie pin 66 7 ne 12447 
300 C [187] z. ES a 104 + 14 
333 C [187] 49 7 z Sears: 58 : 11444 
440 C [188] = 3,0 + 1,6 = Z 
457 © [189] ke - 30 27 104 + 8 
460 C [190] s & *s9.ce8 2 
470 P-BC [457] ie = 52 + 10 = 
a C [187] os = 9744 
534 C [197] 44 46 642 69 +5 119 +6 
540 C [190] 2o a 69 + 4 117 45 
700 © [187] ve Ea a 944 4 
700 © [190] 4144 es 65 +4 116 +5 
700 C [197] 4345 8 +2 63 14 11445 
816 C [197] 37 a25 742 60 £5 105 + 6 
820 © [190] 37 44 a 61 44 108 + 5 
940 H-BC [454] = <17,9+0,5 - = 
948 C [197] B3ieb 8 +2 56-43 96-43 
960 [190] Saeed! = 55 + 2,5 96 + 4 
1,0 Be [192 10 
ev © [192] 33 42 B's 62 +2 100 + 3 
1,068 C [197] 30 + 3 eee! 58 +3 96 + 4 
1,07 C [190] 30 +3 = 60 + 3 96 +4 


*) The small angle contribution is not taken into account. 
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Table VII. (continued) 
ee ne ee 


GP method dei [mb] Cex [mb] din [mb] o+ [mb] 
a a a ee ee 
1,25 C [192] 28 + 2 4t1 57 + 3 89 + 4 
1,67 C [194] — = - 100 + 3 
2189) 

2,00 C [192] 25 =p 4 Gil 3 49 +3 80 + 6 
2,15 C [194] -- = 80 + 6 
4,14 C [89] — = _ 67,0 + 2,1 
5,13 C [89] _ = — 60,6 + 2,0 
6,12 C [89] _ —- _ 63,0 + 2,3 
9,14 C [89] aa — = 46,0 + 2,0 
9,30 C [89] — _ 52,6 + 2,7 
9,8 C [89] — — -- 53,0 + 1,1 


All the cross sections for pn interactions presented in Table VII have been 
obtained by the difference method from the experiments with deuterium and 
hydrogen 

o(pn) = o(pd) — o(pp) + I(pd) 


where J (pd) is the correction for nucleon screening in deuteron nucleus: Table VIII 

gives the values of the cross sections with account of this correction calculated 
by the Glauber method (see Appendix J). All the cross sections obtained by 
this way are indicated in the Table by the sign +. 


Table VIII. pn interaction 


Gh method | Gel [mb] | Gin [mb] o+ [mb] 

457 Mev C [189] = > 74+ 113 
460 C [190] = 74 219+ eZ 
540 | © [190] 39 + 9F 80 + 5+ {20 4 8 
700 C [190] 24 + 9F 71 46% 96 + 6+ 
820. C190] - | 43 + 10+ 69 + 5t 112 4. 7+ 
900 C [193] _ 64 + 6F = 
960 C [190] 39 + 8t 64 + 4+ 102 4 6+ 

1.07 Bev C [190] 43 + 6+ 66 - 5+ 1104-5 


As we see, at high energies the cross sections for pp and pn interactions are 
‘little different within the experimental error what points to a weak dependence 

of these interactions on the isotopic spin. be a 

The values of oin presented in the Tables are the sum of the annihilation cross 


sections (N + N-—> pions + K-mesons) and of the cross section for inelastic 


scattering without the annihilation op, (N+N—-N N + the particles of 
other kinds). The cross section on, is zero at low energies, but with increasing 
energy it is getting larger quickly. The magnitudes of the ratio Ona/Oin for pp 
and pn interactions are strongly different. So, for PP interaction at T = 925 Mev 
Ona/din = 0.09 + 0.02 [439], where as for pn interaction at 7'’= 900 Mev 


Gacidia = 0.33 + 0.17 [440]. 
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According to the charge symmetry considerations the equalities 


o(pp) = o(nn) 

o(pn) = o(np) 
are fulfilled for all the cross sections indicated in the Tables. te 
One can see from the above data that at 7’ < 10 Bev the cross sections for NN 


interactions exceed considerably the cross sections for NN interactions. This 
may be illustrated by the following considerations: 
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. 4. Cross sections for antiproton interactions with protons and neutrons. 
The values of o are given in the units of 10727 em2. 


As far as an antinucleon is alike a nucleo 
be imagined as consisting of a den 
shell. From the point of view of s 
annihilation to occur in the colli 
Such collisions will be ch 


nin many respects, it can like the nucleon 
se core and a comparatively “friable”? meson 
uch a model it is quite natural to assume the 
sion of the nucleon core and the antinucleon. 
aracterized by strong absorption, and, therefore, by a 


Cross Sections for Elementary Particle Interactions 565 


larger cross section than for NN interactions. In the collision of the cores with 
the peripheral meson cloud, just as in case of NN collisions, there occurs elastic 
or inelastic scattering of a nucleon and an antinucleon which is accompanied by 
the productoin of new particles. In the energy region not exceeding some hundred 


Mev, such a model of NN collisions corresponds to the interaction potential 
differing at r > 2a (a ~ h/Mc ~ 2-10-44 cm is a characteristic dimension of a 
core) only in sign from the known NN potential of Garrenuaus, SIGNELL and 
MarsuHak [44/]’), while at small distances r <a it is characterized by strong 
absorption. As Kosa and TaKeEpa’s estimates [442], and more exact calculations 


of Batt, CuEw et al [442] have shown, the experimental data on NN inter- 
actions are well accounted for by such a phenomenological theory. The corres- 
ponding calculations for N N interactions show that in this case a partial compen- 
sation of different terms takes place, and the magnitude of the cross sections 
decreases. 

For high energy region there is yet no theory which would allow to calculate the 
cross sections for nucleon and antinucleon interaction. However, it should be 
expected that with energy the cross sections for NN and NN interactions will be 
comparable (cf. 3.3). Recent measurements made at Geneve [89] have shown 
actually that the difference between the cross sections for pp and pp inter- 
actions decreases with energy: at 7’= 1 Bev this difference is approximately 
45 mb, while at 7’ = 10 Bev — already only about 10 mb. 


2.3. Interaction of Pions with Nucleons 


The experimental values of the cross sections for x N interactions are presented 
in Tables IX—XIV. 

In some papers (e. g., [208,215] and in other) the cross sections are given 
which are obtained at the same energy be means of the counters: by knocking out 
the particles from the beam and by integrating the angular distribution. For 
these cases the mean values 


ioe (6.02)?-+ 02° (d0,)? . 5 00, UO Gane 


(d0,)? + (60,)7  ~ Cs (001)? + (60)? 


are given in our Tables. At low energies the corrections for the Coulomb scattering 
were taken into account [4]. At high energies the influence of the Coulomb scatter- 
ing is insignificant. 

In some experimental papers the cross sections ¢e1, in and Oex were normalized 
‘to the value o;, taken from another paper. When this value is strongly different 
from those obtained in more recent papers the cross sections oi, din and ex 
were renormalized. 7 

It should be also emphasized that the value of the cross sections Gin and. dex 
listed in Tables X and XI may turn out to be not very exact in the energy range 
of about 1 Bev, since in the corresponding experimental papers the cases of elastic 
scattering with a charge exchange were not distinguished out of all the =p 


7) Let us remind that the pion charges of a nucleon and antinucleon differ in sign. There- 

fore, in exchanging an odd number of pions, the signs of the NN and NN interaction poten- 
2 fo) 5 

tials are also different in sign. 
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Table LX. mp interaction 
Pea Dak i ra ch 0 te a 


ae method o+ [mb] 9! method ot [mb] 
0 ie) 5,8 + 0,2 215,4 C [224] 55,6 + 1,0 
20,7 Mev C [456] 5,4 + 0,4 216 C [220, 4] 57,9 + 2,5 
31,0 C [456] 6,5 + 0,5 217 C [228, 4] 57,7 + 6,0 
37 C [202] 12.9 247 217 C [212, 4] 58 + 6 
41,5 C [204] 7,8 — 0,7 220 C [228] 52,1 + 2,3 
58 © [205] 17,6 + 2,2 220 C [229, 4] 53,6 + 1,3 
65 C [206] 15,3 + 1,6 2202 © [224] 52,2 + 1,0 
72 C [208] 1548 224 H-BC [230] 50,5 + 2,1 
79 C [208] 20 + 8 225 C [224] 50,2 + 0,9 
85 C [210] (Eee 226 C [220, 4] 54 + 2 
89 C [212] 2148 228,3 C [224] 48,2 + 0,9 
98 C [273] 21,2 + 0,7 230 N [433] 58 + 9 
109 C [208, 4] 30 +9 231.9 C [224] 49,0 + 0,9 
112 C [272, 4 30 +9 234,9 C [224] 44,5 + 0,9 
120 C [215, 4] 32,3 + 3,0 236 C [223, 4] 46,5 + 2,0 
127 © [208, 4] 44 + 10 238.2 C [224] _ 44,9 + 0,9 
130 C [218] 42,6 + 0,7 240 C [231, 4] 48,5 + 3,3 
133 C [223, 4] 45,6 + 2,4 240 C [223, 4] 43,9 + 2,3 
135 C [222, 4] 51 +6 241,5 C [224] 42,7 + 0,9 
135 C [277] 56,8 + 3,2 244,8 C [224] 43,1 + 0,9 
140 C [220, 4] 42,6 + 2,7 248,1 © [224] 41,0 + 0,9 
144 C [215, 4] 49,5 + 3,6 251,4 C [224] 39,3 + 0,9 
150 C [227] 55,3 + 1,6 254,7 C [224] 39,8 + 0,8 
152 C [223, 4] 59,6 + 3,0 256 C [220, 4] 38,5 + 1,9 
152 C [219] 59,7 + 1,0 258 C [223, 4] 38,7 + 3,4 
157 C [223, 4] 61,9 + 2,4 258 C [224] 38,8 + 0,8 
158,2 C [224] 56,4 + 2,0 261,4 C [224] 36,8 + 0,8 
165 C [225, 4] 67,5 + 1,4 265 C [235] 43,5 + 6,0 
169 C [226, 4] 61g 33 266,5 C [224] 35,6 + 0,8 
170 C [221, 4] 62,4 + 1,4 270 C [237] 36,5 + 2,4 
{74,7 C [224] 67/2 lt 271,6 C [224] 33,4 + 0,8 
176 C [212, 4] 64 + 6 276,7 C [224] 31,1 + 0,8 
178,4 C [224] Ore ae 281,8 C [224] 32,4 + 0,8 
179 C [223, 4] 65,5 + 2,5 286,9 C [224] 31,6 + 0,8 
184 C [220, 4] 65,6 + 2,4 290 N [433] 33.409 
185,2 C [224] 67,7 41,0 290 C [220, 4] 34,8 + 1,2 
187 C [227] 637 8 292 C [224] 30,5 + 0,8 
189,9 C [224] 67,8 + 0,8 297,2 C [224] 29,3 + 0,8 
194 C [226, 4] 69,5 + 3,8 302,5 C [224] 28,9 + 0,8 
194 C [223, 4] 64,5 + 2.5 307 C [239] 30d s 
195 C [223, 4] 61,8 + 2,5 307,7 C [224] 28,1 + 0,8 
196,2 C [224] 64,0 + 1,1 313 C [224] 28.7 Eom 
197 C [220, 4] Ti 26 318,2 C [224] 27,0 + 0.6 
201 C [224] 63,8 + 1,0 323.5 C [224] 26,2 + 0,6 
205.8 C [224] 59,3 + 1,0 328.2 C [224] 26,4 + 0,6 
209 C [228] 57,2 + 2,9 330 H-DC [247] 24 4 5 
210 C [226, 4] 61,6 + 3,8 333 C [242] De ewes 
210.6 C [224] 58,7 24,1 334,2 C [224] 26,0 + 0,6 
215 C [223, 4] 55,7 -- 2,2 335 C [220, 4] 26,6 + 1,0 


*) Calculated by the experimental values of the scattering lengths (see 3.1). 
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- Table IX. (continued) 
i a i a an ee ee 


T method o¢ [mb] T method ot [mb] 
eer t Serene ee ee eee eA a es ee 
340 C [235] 28 404% 770 P-BC [247] 40 +5 
345 C [224] 24,0 + 1,0 780 C [196] 36 + 1,1 
361 © [224] 95,24. 1,0 | 790 C [246] 46,1 + 3,4 
363 C [220, 4] 26,7 + 1,0 797 © [195] 40,2 4 £22 
370 N [433] OT 189 800 C [245] 42 3 
373 CO [195] 98,8 + 1,4 800 C [244] 49,9 44,8 
393 © [220, 4] D6,2'4: 2.4 800 H-BC [253] 53,3 + 2,4 
426 © [195] 29,4 + 1,4 816 C [195] 46,37 + 1,5 
427 N [433] 2742 819 C [195] 48,2 + 1,9 
450 C [234] 2543 836 C [195] 48,13 + 1,5 
450 C [244] 30 + 1,2 840 C [195] 55,13 + 2,1 
450 C [245] 25,8 + 3,0 856 C [195] 58.39. 872 
450 C [246] 28,8 4 2,7 860 © [246] a7 Fe Om, 
460+ 20 N [433] 28 + 2 860 C [244] 50 + 1,1 
460 P-BC [247] 29,9 + 3,0 860 C [196] 40 + 1,3 
468 C [195] 29,9 + 1,2 866 C [195] 54,2 + 1,79 
470 C [248] 27 6 868 © [195] 59,22 + 2.4 
470 C [196] 30,0 + 1,1 880 C [244] 53,1 47,6 
500 C [245] 28,8 + 4,0 886 © [195] 56,76 + 1,84 
500 C [246] 31,3 + 4,8 890 © [195] 58,46 + 2,2 
500 © [244] 32,8 + 0,9 890 CO [244] 55,4 + 1,25 
510 C [235] 20-47 900 C [246] 44,4 + 2,3 
518 © [195] 35,0 + 1,3 900 © [196] 48,5 + 1,3 
540 C [196] 31,9 + 1,1 | 915 © [195] 55,17 + 1,79 
550 C [244] 39,1 + 1,9 ie 048 © [195] 55,02 + 2,4 
550 C [245] 35,8 + 3,0 | 920 O [244] 54,5 + 1,1 
550 C [246] 37,4 + 3,0 | 940 © [196] 51 + 0,9 
567 C [195] 44,8 + 1,9 | 943 © [195] 50,67 ++ 2,6 
580 C [196] 36-11 945 C [195] 48,82 + 1,63 
591 © [195] 45,1 + 1,7 | 950 C [244] 48.9 + 0,9 
600 C [244] 43,4 + 0,9 960 N [273] 46,9 + 4,5 
600 P-BC [247] 38,7 + 4,7 960 H-BC [257] 48,2 + 2,5 
600 C [235] 2g 411 | 965 © [195] 45,70 + 1,62 

604 C [195] 45,7 + 1,8 970 C [196] 49,5 + 0,9 
610 C [246] 37,0 2,1 970 C [246] 45,0 + 2,7 
616 © [195] 45,3 + 1,7 972 CO [195] 44,84 + 2,2 
625 © [196] Si ee ti 985 C [195] 41,52 + 1,53 
643 C [195] 44,5 + 2,2 990 O [244] 45 + 0,8 
650 C [244] 39,4 + 1,9 1,0 Bev © [246] 46 +3 

~ 665 C [195] 39,2 + 1,4 1,0 [245] 48 | 4 
670 C [246] 39,5 + 3,0 1,01 H-BC [258, 259] 48,2 + 3,7 
675 © [245] 36 + 3 1,014 O[195] 39,54 + 2,0 
680 C [196] 42,2 + 1,1 1,03 C [244] $90 bf 1 
700 C [244] 35:6 + 12 | 1,03 © [196] 40,5 + 0,9 
700 C [235] 42 + 10 1,064 O[195] 36,66 + 1,3 
719 © [195] 34,9 + 1,5 1,076 O[195] 35,77 + 2,0 
725 © [244] 38,4 + 0,9 1,08 © [246] 36,3 + 2.6 
730 C [196] 40,0 + 1,1 1,08 C [196] 37,5 +0,9 : 
749 C [195] S745 16 1,096 O[244] 36,3 + 0,9 
750 C [244] 40 + 1,9 ie: © [196] 35 + 0,9 
769 C [195] 37,4 + 2,0 1,15 © [195] 35,52 + 2.0 
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Table IX. (continued) 
ee 


ip method o+ [mb] alt method ot [mb] 
1,15 C [244] 35,5 + 0,8 4,5 N [266] 20,4 + 3,5 
1164) C7951 34,45 + 1,32 4,6 C [89] 32mm 
1,19 C [244] Shia i 4,7 N [267] 28 
1,24 C [244] 34,4 + 0,8 4,7 H-DC [268] 24,5 + 2,4 
1,25 C [246] 29,2. 3,7 4,85 C [89] 32,2 
1,263 © [195] 35,72 + 1,35 5,08 H-BC [269] I1eL 29 
1,3 C [244] 24S ite det 5,1 C [89] 30,9 
1,33 C [244] 34,6 + 1,0 5,1 N [270] 29.4.3 
1,35 C [246] 30,1 -E 2,8 5,2 N [270] 29,1 + 2,9 
1,363 © [195] 33,48 + 1,41 5,35 N [89] 29,7 
1,37 H-DC [267] 34,6 + 2,7 5,6 C [89] 30,2 
1,38 C [246] 30,8 + 2,8 5,85 6 [89] 30,7 

1,4 C [244 33,4 + 0,9 6,1 C [89] 29,5 
1,46 C [244] 33,2 + 0,8 6,6 C [89] 30,9 
1,462 © [195] S18 oe 195 6,65 P-BC [272] 98,2 4 2:3 
1,47 C [246] 314-218 6,85 C [324] 27,8 + 0,8 
1,50 © [246] 30,0 + 2,0 685  C[89] 29,7 
1,5 C [245] 34 + 3 7,35 C [89] 29,3 

iL bY C [244| o2,01== 163 8,35 C [89] 29,3 
1,57 C [244] 31,9 + 0,6 8.85 © [324] 25 1 4 
1,65 C [244] 262°. 2-5 aa © [89 fe 
1,67 CO [246] 31,4 + 3,9 : 

ort H-DC [263] 31:46 3.9 9,85 C [89] 29 
1,9 C [246] 31,3 + 1,6 14,0 C [312] 33 +4 
4,16 CO [264] 28,7 + 2,6 16,0 C [323] 26,5), 12% 
4,4 C [265] 301465 16,0 H-BO [275] 26;5.-24i 


interactions with the production of neutral particles only. At high energies it is 
not essential, as far as oex X Oin. 

The values of o,(z~N) in Table XIV are calculated according to the optical 
theory from the experimental values of the mean free path of x--mesons in emul- 
sions. The errors indicated in these cases in do; correspond to the experimental 
errors in the values of the range 6. As we see, the values of o; thus obtained are 
in good agreement with the values of o; from Tables IX and XII. The agreement 
here is much better than in the case of pN interaction we have considered above 
The main experimental data are summarized in Figs. 5 and 6. 

The equalities [5] for the cross sections ot, Ge1, Gin 


Gln" p) == 0 (mn) = 0G p) =o (nh) 
a(x p) =lo(x'n) = o(*p) =o (mn) 
a(n p) = on) == o(x°p) = o(n°n) 
follow from the considerations of the charge symmetry and invariance with 


respect to the charge conjugation 
Besides, 


Oex (x°p) = Oex (=p) = Oex (x°n) = Oex (x°p) — 


= Oex(m*N) = oex(z+P) = Gex(mN). 
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Fig. 5. Cross sections for m -meson interactions with protons. 
The values of o are given in the units of 10727 cm?. 
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Fig. 6. Cross sections for m+-meson interactions with protons. The values of o are given in the units or 10? Gni*. 
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Table X. xp interaction 
a 


Y fs method Oel [mb] Oex [mb] 
iN ol Fe OS ee ee 
0 Mev * 2,0 + 0,1 3,8 SE 0,2 
15 H-DC [197] 1,77 + 0,66 = 
18,5 H-BC [198] 1,32 + 0,20 = 
20 CO [199] = 5,0 + 0,8 
30 C [199) Zt 5,7 + 0,9 
34 C [207] = 5,0 + 1,5 
40 C [203] 2: 7,9 + 1,8 
42 C [199] = 6.9 2 1:2 
61 C [207] 7 Tt = 06 
65 C [206] 2,5 + 0,5 12,4 + 1,5 
15 Em [209] ~3 ae 
95 C [207] = 13,2 + 0,8 
98 C [213] 6,15 + 0,22 15,0 + 0,8 
118 C [214] 9,6 + 2,0 = 
120 C [215] 10,1 + 1,6 21.545 2.7 
128 H-DC [276] 1238 +. 4,0 Ss 
128 C [217] = 251k 133 
130 C [218] ~12 — 
135 C [2717] 16:2 2.3 40,6 + 2,4 
144 C [215] 15,9 + 2,4 30,5 + 3,8 
150 C [227] 20 +1 34,6 + 1,2 
150 C [222] = "43-6 + 1,9 
152 C [219] 18,8 = 
162 H-DC [216] 91,4 22 he = 
165 C [225] 21,2 Be iis 46,5 + 3,5 
169 C [226] 20,1 + 2,0 40,9 + 2,9 
170 C [227] 93 31 1:6 39,1 + 2.0 
187 C [227] 29.9 1-38 422 204.5 
194 C [226] 25 eo 46,3 + 3,6 
210 C [226] 98,4 + 3.1 33,6 + 3,6 
217 C [228] 19,7-- 23 36,6 + 2,4 
220 C [229] 20,1 + 0,6 33,3 + 0,7 
224 H-BC [230] 16,0 + 0,8 34,4 + 1,9 
230 C [250, 447] 20,8 + 0.4 30,4 +6 1,3 
240 C [232] = 30,0 + 1,4 
240 C [233] 1531 2£-0;8 att 
260 C [447] a 25,4 + 1,0 
270 C [232] = 23 92 et 
290 C [250, 447] 13,8 4. 0.3 18,2 + 0,8 
300 C [236] 14,7 4 115 = 
300 Em [237] 13 +2 = 
307 Giese) = 17.8 100 
307 C [233] 11,4 + 0,8 = 
317 C [447] = 17,6 + 0,8 
330 H-DO [247] 1144 1i3+4 
333 © [232] i 18,0 + 1,1 
333 © [233] 10,3 + 0,6 = 
370 C243] 10,8 + 0,2 = 
370 C [250, 447] 10,9 + 0,2 13,6 + 0.6 


*) Calculated by the experimental values of the scattering lengths (see 3.1). 
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Table X. (continued) 
—_— SS wh 


bya 


it! method Oe1 [ml] Gex [mb] 
i 
427 C [234, 433] 13,0 + 0,34 10,3 + 2,3 
460 | P-BC [247] 13,8 + 1,0 9,1 + 1,2 
600 | P-BC [247] 23,3 + 2,5**) 8 + 1,5**) 
610 | P-BC [249] | 16,6 + 2,2 = 
655 P-BC [249] | 16,1 41,6 L. 
750 P-BC [249] 14,4 4 1,3 = 
770 + 75 P-BC [247] 16,7 + 2,0 7,35 + 1,2 
800 | C [195, 196, 246] ~ 16,4 ~ 7,8 
800 | H-BC [253] 2141 “210 
810 | = - N [327] 21,0 + 1,2 ee 
900 | Em [254] 23 +3,7**) | <12,5 + 3,7**) 
915 P-BC [255] 19,8 z 
950 H-BC [256] 20,8 - 1,7**) < 9**) 
960 N [273] 19 12 <7,6 + 0,8 
960 H-DC [254] | 2043 = 
960 H-BC [257] 20,8 + 1,5 =3,1 2 04 
1,01Bev | H-BC [258, 259] 57 RS = 
1,3 | Fe-Beqeooyey | ‘io foes s 
1,37 H-DC[267] | 100+0,8 S37 as 
1,4 Em [445] out | _ 
1,4 N [262] 10 +2 2 
1,5 | Em [322] 9,0 + 1,5 = 
1,72 H-DC [106] 11,0 23.8 = 
2.66 P-BC [274] = < 0,2 + 0,25 
4,5 Em [263] | 45441 = 
4,7 | . N [267] 6,0se ia os 
4,7 | H-DC [268] 47 Oe te! a 
5,03 | H-BC [269] 5,6 + 0,5 = 
6,65 | P-BC [271] _| Ga 05° P| a 
6,65 P-BC [238] = | <1,040,3 
16 H-BC [275] | 6 S 


**) Renormalized to a more accurate value of o;. 


In table XV are given the values of the energy Tmax, Spin J and the isotopic spin 
t, for which the resonance zxN interaction is observed. The values ot Pmax Lor the 
three last resonances are indicated by the data of paper [195]. These values are 
somewhat different from those in [146]. The reason for such a difference is not at 
present clear. It is very likely to be due to the difference in scaling. It should 
be emphasized that the values of J given in the Table for the maxima at 7 
= 605 Mev and 7 = 890 Mev are not yet quite reliable [4]. 

As is seen from Figs. 5 and 6, the values of the cross sections for x*p and xp 
interactions are compared. They become independent of energy practicalli al- 
ready at 7’ = 4 Bev. The limiting value of o; ~ 29 mb; oe. ~ 6 mb; cin ~ 23 mb; 
Gex = 0. 

At the present time there is still an insufficient data on the x°-meson inter- 
action with nucleons, especially at high energies. However, the magnitude of the 
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total cross section for x°p interaction may be determined from the charge sym- 
metry considerations: 


o:(np) = 4 [or(e-p) + ov(e*p)]. 


At high energies this cross section is close to the cross sections for charged z- 
meson interaction with nucleons. 


Table XI. mp interaction 


i 


ui method in [mb] Au method Gin [mb] 
Below the threshold for z°-meson produc- 800 H-BC [253] 22,3 + 1,5 
tion 7 = 175 Mev oin = 0. 900 Em [254] 21,7 + 3,7*) 
224Mev H-BOC [230] 0,09 -- 0,04 950 H-BC [256] > 20 + 1,6*9 
230 C [250, 433] >0,3 + 0,3 960 N [273] 30 £32 
245 Em [251] 0,2 40,1 960 H-DC [254] i833 
260 C [234] 0,3 + 0,2 960 H-BC [257] 24,3 4+ 1,3 
290 Em [252] 1,3 -- 0,3 1,01 Bev H-BC [258, 259] 25,2 + 2,5 
290 C [433, 447] 552.4545 0.8 pO? P-BC [434] 12 + 0,8 
307 C [240] 1,47 + 0,10 t3 P-BC [260] 20 

317 C [234] 1,5 + 0,4 1,37 H-DC [267] 20,9 + 3,5 
333 C [240] 2,5 + 0,1 1,4 N [262] 24 

370 C [433, 447] >3,1 + 0,8 1,5 Em [232] 24 + 2,5 
370 CO [240] 4:3 OFF el H-DC [263}>  >20.3 3 
371 C [234] 4,1 + 0,8 4,5 Em [263] 24:6) ee 
427 CO [234] 7,2: 0,2 4,7 N [267] 22 

460 P-BC [247] 7,0 + 1,0 4,7 H-DC [268] Wp ee 
600 P-BC [247] 16,2 + 1,7*) 5 H-BC [269] 23,5 + 3,4 
(102 (Oya P-BO 247 16,0 + 1,4 2 ' + 1,8 
800 C[195, 196, 246] 17,3 6,65 P-BC [272] 22,7 98 


*) Renormalized to a more exact value of ot. 


From the theoretical considerations on the weak dependence of interactions on 
isotopic spins at high energies (see further), one should expect that the cross 
sections : 


dei(7°p) = 4 [oei(m-p) + Gei(x+p) — oex(z°p)] 
and 


Gin(n°p) = $ [oin(m-p) + Cin(7*p) + odex(x°p)] 


will be also close to the corresponding cross sections for charged z-mesons8). 


2.4. Interaction of Pions with Hyperons 


Such a kind of interaction was considered long ago in theoretical papers in the 
calculations of hyperon interactions with nucleons (see e. g., [405] and review 
[406], where a detailed bibriography is given). One can expect that at high 
energies the cross sections o(zA), o(x&), o(xN) will be close by their magni- 


tude. However, until very recently whatever experimental data have been com. 
pletely absent. 


8) The charge exchange cross section gex is included into each of the cross sections Om (ch 
page 17). 


Cross Sections for Elementary Particle Interactions 573 


Table XII. mp interaction 


*) Calculated by the experimental values of the scattering lengths (see 3.1). 


T method o¢ [mb] a method o+ [mb] 
eee 
OMev *) 1,9 + 0,2 136 C [286] 152 + 14 
6 H-BC [276] 1,6 + 0,8 136 D-BC [313] 120 + 10 
8 H-BC [276] 2,600.8 140 C [292, 4] 135 + 8 
12 H-BC [276] 3,2 + 0,8 142 © [223] 150 + 8 
18 H-BC [276] 4,7 + 0,3 143 C [294, 4] 140,5 + 7,4 
20 N [277] 4,5 + 0,9 144 C [292, 4] 153 + 4,3 
21,5 C [279] 3,3 + 0,3 145 Em [293] 169 + 23 
23 H-BO [276] 4,8 + 0,5 146 C (235, 4] 150 + 9,1 
23 Em [278] ~ 5,5 150 C [295] 129 + 19 
24,8 C [280] 44+ 1,3 150 C [221, 4] 166,0 + 4,3 
31,5 C [287] 4,7 + 0,4 151 Em [296,4] 161 + 20 
33 © [282] 6,4 + 2,1 151 Em [297] 152 + 31 
37 C [307] 6,5 + 0,5 152 C [223, 4] 1744+ 6 
37 C [202, 4] 12.6 $21,2 156 C [223, 4] 168 + 5 
38 C [308, 4 7,9+14 157 C [235, 4] 162 + 8,6 
40 C [283, 4] 13,3' 212.3 162 C (294, 4] 170,5 + 3,8 
41,5 C [284] 10,0 + 1,0 164 C [292, 4] 170 + 5,1 
44 C [282, 4] 194 Dey 165 C [225, 4] 189,6 -+ 4.9 
45 Em [285, 4] 10 2,2 166 C [235, 4] 179,4 + 4,8 
53 H-DC [309, 4] 19,2 + 3.6 166 C [223, 4] 187,6 + 5,3 
56 C [282, 4] 19,2 + 3,6 170 C [294, 4] 198 + 3,7 
56 C [286] 20 + 10 170 Gere) 194,9 + 4,3 
58 C [206, 4 15,5 + 2,0 171 C [223, 4] 202 + 4 
58 © [205, 4] 28,8 + 2,5 171 C [235, 4] 204 + 6,4 
65 © [206] 20,4 + 2,0 173 C [235, 4] 205 + 6,1 
70 C [282, 4] 21,4 + 5,5 173,5 C [294] 193,5 + 3,5 
75 Em [209, 4] 45 + 15 174 C [292, 4] 193,3 + 6 
78 © [215] 32,2 43,8 176 C [298, 4] {97.7 2 7,3 
78 P-BC [446] 39 + 6 177 C [294] 198 + 5 
79 C [208, 4] 48,3 + 10 180 C [295] 146 + 18 
82 C [286] 50 + 13 181 C [235] ‘eye: 
83 Em [287, 4] 34,5 + 6,9 182 C [223, 4] 174 + 20 
100 Em [289, 4] 59,0 + 8,0 183.5 C [294] 192 + 3,5 
109 C [208, 4 88,0 + 11,4 184 C [292, 4] 195,7 + 6 
110 CO [215] 79,5 + 4,2 185 C (223, 4] 187 + 8,5 
110 C [211, 4] 76,4 + 7,7 188 Em [297, 4] 158 + 34 
113 Em [290, 4] 80 + 6,5 189 C [299, 4] 194,0 + 4,4 
114 Em [288] 83 189 C [235] 182 +7 
115 C [208, 4] 99 + 15 194 C [292, 4] 196 + 6 
118 C [286] 9146 195 C [294] 17444 
119 P-BC [297] 93 + 12 196 C [223] 202 + 14 
120 Em [306, 4] 97,5 + 12 200 C [298, 4] 183 + 6 
124 Em [288] 106 205 CO [294, 4] 178 + 4,9 
127 C [208, 4] 13,8 + 17,5 209 C (292, 4] 1774 + 6,2 
128 C [223, 4] 120,3 + 9,3 210 C [235, 4] 148 + 22 
133 C [208, 4] 157 + 19 214 C (235, 4] 141 + 9.4 
135 C [215] 141,4 + 11,5 216,5 Em (310, 4] 165 + 19 
135 C [223, 4] 195,1 + 4 219 C [292, 4] 154,1 + 7,2 
135 C [211, 4] 123 + 19 220 C [229, 4] 140 + 5,2 
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Table XII. (continued) 


ee 


method 


© [195] 
H-BC [457] 
C [246] 
C [244] 
C [195] 
C [244] 
C [195] 
C [246] 
C [196] 
C [244] 
C [195] 
C [244] 
C [246] 
C [195] 
C [244] 
C [195] 
C [244] 
C [246] 
C [195] 
C [195] 
C[77] 
C [195] 
C [77] 
C [195] 
C [244] 
C [195] 
C [246] 
C [195] 
C [244] 
C [195] 
C[77] 
C [246] 
C [244] 
C [77] 
C [246] 
C [77] 
C77 
C [77] 
C [303] 
C [77] 
C [77] 
Cin 
C [77] 
C[g77 
C [311] 
C [453] 
C [89] 
C [89] 


o; [ml] 


23,8 + 0,78 
27,9 + 3,6 
23,5 + 1,5 
27,6 + 1,2 
25,85 + 0,84 
28,40 + 1,12 
26,78 + 0,94 
27,3 +.3,7 
27,4 + 1,3 
31,2 + 0.6 
27,51 + 1,07 
35,0 + 1,2 
Sis ie 
30,65 + 1,19 
36,3 + 0,6 
35,27 + 1,37 
38,8 + 0,8 
38,8 + 2,5 
36,64 + 1,56 
37,37 + 1,45 
39,4 + 0,6 
38,07 + 1,47 
39,1 + 0,8 
37,65 + 1,54 
40,3 + 0.9 
36,16 + 1,56 
41,4 + 3,0 
36.53 ++ 1,60 
38,7 + 0,8 
34,10 + 1,59 
35,8 + 0,9 
35,3 + 2.5 
37,6 4 1,2 
30,1 + 0,5 
32,6 + 1,8 
28,4 + 0,6 
27,8 + 0,6 
29,0 + 0,6 
2844 
29,2 + 0,5 
29,2 + 0,4 
30,0 + 1,2 
29,3 + 0,4 
98 +4 
31,4 199 
29,4 + 1,4 
30,3 
26.5 


T method o; [ml] T 
pupaenaneinesoennmn rnin SD a 
222 C [235, 3] 148 + 9,7 965 
225 H-DC[300,4] 142 + 18 990 
229 C [292, 4] 130 + 7,2 1 Bev 
240 C [298, 4] 124,2 + 2,3 1,0 
262 . © [235, 4] it Son 1,014 
263 C [235, 4] 107 + 8,8 1,04 
270 C [298, 4] 81,3 + 2,2 1,064 
280 C [235] 88 + 11 1,07 
295 Em [237] 63 + 10 1,09 
298 C [235, 4] 75 + 6,2 ie 
307 C [298, 4] 65,5 + 1,7 1,114 
335 C [235, 4] 53 + 5,9 1,14 
340 C [235] 48 +9 1,15 
376 C [195] 40,39 -+ 1,62 1,164 
450 C [235, 4] 27,5 + 6,3 1,18 
450 C [245] 22,5 +3 1,213 
450 C [246, 4] 24,8 + 3,6 1,24 
460 C [304] 28,4 + 2,5 1,25 
469 C [195] 23,47 + 1,08 1,263 
510 C [304] 24,1 + 0,9 1,288 
533 C [304] 22,5 + 2,5 1,3 
550 C [246] 16,1 + 2,5 1,313 
550 C [245] 14,5 + 3, 1,33 
567 C [195] 17,26 + 0,82 1,338 
575 C [304] 21,5 + 1,9 1,34 
626 C [195] 15,11 + 0,72 1,363 
628 C [196] Eph e: 1,38 
650 C [304] 17,2 + 1,5 1,412 
664 C [195] 14,75 + 0,67 1,44 
670 C [246] 14,5 + 2,0 1,462 
675 C [245] 13.1 +'3.0 1,47 
685 C [196] 14,14 + 1,3 1.50 
700 C [235] yews 151 
734 C [196] 1702 13 Ah 
750 C [304] 20,9 + 0,9 - 
770 C [195] 19,44 + 0,8 aM 
788 C [196] 18,3 + 1,3 1,76 
790 C [246] 19,5 + 2,0 1,91 
798 © [196] 16,5 + 1,3 2,33 
810 C [244] 23,3 + 2,0 2,76 
816 C [195] 21,40 + 0,81 2,83 
838 C [195] 22,49 + 0,83 3,44 
860 C [244] 25,6 + 1,2 3,55 
863 C [195] 21,88 + 0,86 3,86 
866 C [195] 23,40 -+ 0,65 4,3 
890 C [244] 24,9 4,6 
910 C [244] 25,8 2 t,t 4,66 
915 C [195] 23,12 + 0,74 5 
947 C [196] D1 3 eisb 8 10 
960 C [244] 25,7 + 0,9 14 


C [312] 


26 + 4 
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Table XIII. +p interaction 
Sr eee ees, 
oi | method | Ge1 [mb] Cin [mb] 


Below the threshold for x°-meson production 7’ = 175 Mev 
Oe1 = Oo and coin = 0 


| 


500 Mev H-BC [305] 17,2 + 3,0 2,9 + 0,9 
990 Mev H-BC [457] 15,3 + 1,5 126 42.3 )3 
1,1 Bey H-BC [307] 1234-9 15,2 + 2,5 


Table XIV. x-N interaction 


| Range in 
T' [Bev] emulsions o+ [mb] 
L [em] 
I 
1,0 [254] B8ee.3- 1 il" 29 6 
1,5 [302] 35 = 1 35 + 2.5 
3 ne + 18,5 
[314| 35,5. a5 5 | 34 — ih 
4,2 [315] | 38,7 + 3,5 | 
4,3 [316] | 33,744,7 39 1 - 
3,7 [317] a6 nl eee Ee 
: ia a 10 
6,8 [318] foie ore mon 
7,5 [319] | 3842 eat eee | 
ne ee _ | + 20 
50 [320] 87+6 | 301 ¢ 
(The mean value by | | 
the interval 
1 + 200 Bev) 
230 [450] 41 + 8*) ce 


*) Strictly speaking, this value L in paper [450] is given as a mean free path for all shower 
particles produced in the collision of a primary particle. As far as the major part of the 
shower particles consists of pions, one may think that within the experimental error this 
-value of Z is equal to the pion range. 


Table XV. Resonance zN interaction 


Gh [Mev] ai t 
605 + 6 Ds;, or Ps/, pe ale: 
890 + 9 Ds, or F2/,; or the both together 1/2 

1330 + 30 Ds, + ++: 3/2 
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In recent papers [325, 326] a conclusion was obtained about the resonance 7A 
interaction at 7’ ~ 150 -- 20 Mev from the analysis of the correlations between 
= +-mesons on the one hand, and a A-particle, produced in the reaction K- a | 
+poA+nrtrnr atT= 740 and 410 Mev. The experimental data are in 
better agreement with the assumption that the resonance takes place in the 
state with spin P = 4% although the assumption on the spin P = 4 cannot 
be given up yet. 

The isotopic spin ¢ = 1. 


JO 


20+ 


0 N ib 
a a1 02 If 


= 


Fig. 7. Cross sections for m-meson interactions with A-hyperons. The values of o are given in arbitrary units. 


Fig. 7 shows the energy dependence of the cross section o(zA) in the resonance 
region. It was calculated in [325] by the experimental data on xA resonance. 
(The values of the cross section o(zA) are indicated in relative units). 

From the symmetry considerations one can also expect a resonance in x inter- 
action. The experimental data point to the existence of such a resonance at 
T = 125 Mev [327]. 

As is seen, the resonance energies in pion interaction with A- and Y-hyperons 
are close to each other and are not very different from the resonance energy for 
7 N interaction. 


2.5 tx-Interaction 


At present it becomes more and more evident that a further progress in the 
physics of elementary particles depends to a great extent on the investigation 
of the properties xz interaction. However, all the available information on these 
interactions is still very poor, and has a tentative and qualitative character. 
The main difficulty here is that the evidence of zz interaction can be obtained 
now only from the analysis fo indirect experimental data. 

Not long ago ManpeEtstam, CuEw and other suceeded in formulating a system of 
equations determining the amplitude of elastic 77x scattering up to the energies 
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‘of some hundred Mev [398]. However, the solution of this system of equations 
have not yet been obtained. 

In paper [328], from the analysis of the reaction m+pon+n-4+7r at 
T’ = 290 Mev, rz charge exchange cross section has been estimated to be 


Oex (7) = 4*§ mb. 


at zero pion energy. The phase shift analysis of xN and NN interactions at high 
energies 7’ > 1 Bev yields the magnitude of zx interaction cross section close to the 
cross sections for xN and NN interactions. Just the same conclusion is obtained 
from the analysis of the angular asymmetry of particles produced in the collisions 
of high energy pions with nucleons [399], as well as from the study of the multiple 
production of particles in the cosmic rays at very high energies [400]. 

These results may be illustrated by the following rough qualitative considerations. 
Let us represent the cross sections for inelastic NN and «N interactions as 


o(NN) = 4arx 
o(rN) = x(ry + 1x)? 


eset 15 1 Se 
rem re (2 EY — 1). 


At high energies, when the wave length of the interacting particles is very small 
1<ry,’nx, the quantities ry and r, may be treated as effective dimensions of a 
nucleon and meson. Since, at 7’ => 1 Bev o(xN)/o(NN) ~32, then 7, ~0,7ry 
and the cross sections for inelastic zz interactions 


Hence, 


a(x) ~4ar, ~0,5-oa(NN). 
Of course, the coefficient 0,5 cannot be taken seriously: one can only say that 
o(xz) ~o(NN). 
Close are also the cross sections for elastic scattering oe: ~ oa (Let us remind, 
that the differential scattering is fully determined by inelastic processes). 
As has been emphasized in paper [401], the lower limit of the cross section for 
zm interaction coin(zz) > Omp. may be obtained if pions are considered as con- 
sisting of point (‘‘bare’’) nucleon and antinucleon. The account of the effective 
dimensions of these virtual particles increases some times the magnitude of 
the cross section (cf. [402]). 
Recently the problem about the existence of the resonance 77 interactions has 
begun widely discussed in literature. Such an interaction at 7’ = 400 Mev in 
the P-state with the isotopic spin ¢ = 1 was suggested by TakEDA long ago to 
account for the experiments on inelastic <N interactions [329]. Having the same 
aim in view, Dyson proposed the resonance interaction in the S-state with the 
isotopic t = 0 [329]. (See also [330].) In papers [331], the hypothesis of the re- 
sonant xz interaction was applied to explain the experiments on slow anti- 
nucleon annihilation, the agreement of the theory with the experiment being 
considerably improved. 
The study of the electromagnetic nucleon structure with the help of dispersion 
relations leads also one to the conclusion about the existence of the resonant az 
interaction. In this case the agreement with the experimental data is improved 
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to a great extent, if x7 interaction at the energies T’ = (400 — 900) Mev has a 
resonance in the P-state with the isotopic spin t = 1. (This corresponds to the 
mass of the “pion isobar” x, ~ 344 — 4, where yw is the pion mass) [332]. 

It has been emphasized in papers [397], that a direct experimental check of the 
resonance existence in pion interaction can be performed from the analysis of ine- 
lastic interactions of electrons with positrons. A theoretical interpretation of the 
experiments in this case is quite unambiguous. However, at present the arrange- | 
ment of these experiments is impeded, by the absense of the counter beams of © 
fast electrons and positrons. 4 
Not long ago Ho Tzo-ustu and CHou Kuane-cuao noticed [333], that a con- | 
venient method for checking the assumption about zz-resonance is the study of 
the energy spectra of the reactions 


z+ + He!— He*+ x= + 7° 


mt tdod+n7n++4 7° 
pt+pod+7rt-4 7. 


In the initial state of all these reactions the isotopic spin is t = 1. Therefore, 
in the final state a pair of pions also has ¢ = 1 and is in the state whith an odd 
orbital momentum. In the low energy region these pions are mainly in the P- | 
state. The presence of xz resonance in the P-state will lead to a sharp maximum 
in the energy spectra of He* and D-nuclei. If such a resonance does not exist, 
then the spectra of He* and D are changing smoothly, and determined mainly 
by the statistical phase factors. 

In [334] are presented the experimental results on an analogous investication of 
the reactions 

p+d-— He? + xt 


It has been found out that in the spectrum of He? nuclei there is, indeed, a maxi- 
mum. However, its position does not agree with the theoretical predictions. It 
is very likely to be not due to zz interaction. As far as in [334] only the preliminary 
results have been obtained, any conclusions seem to be so far premature. 

By analysing the experimental data on t-decays with the aid of dispersion rela- 
tions WoLF and ZOLLNER arrived very recently to a conclusion that the resonance 
m7 interaction is possible in the S-state at t= 2. At the same time it is not 
excluded that there exists a resonance in the P-state as well [449]. 


2.6 K-meson Interaction with Nucleons 


Tables XVI—X XII and Figs. 8 and 9 show the experimental values of the cross 
sections for the interaction of charged K-mesons with nucleons. 

In most of the cases these cross sections are averaged over large energy intervals. 
These intervals (if they are indicated in original papers) and the corresponding 
mean energies are given in the Tables. 

In the low energy region a part of the cross sections has been obtained from the 
analysis of the data on the K-meson interaction with the emulsion nuclei. The 
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details concerning the method of such an analysis can be found, for instance 
in paper [389]. , 
Some of the cross sections for K=-meson interaction with neutrons have benn 
obtained by the difference method from the experiments with hydrogen and 
deuterium: 


o:(K+n) = o¢(K#d) — o:(K+p) + I(K#d). 


20 


15 


10 


° 


04(K*p) 
04 (Kn) 
a Oo (K'n) 
an AAO) 


0 | ! | 
10 Mev 700 Mev 7 Bev 10 Bev T 


Fig. 8. Cross sections for K*-meson interactions with proton and neutrons. 
The dashed lines indicate the cross sections o¢(K*n) and cex(Ktn). The values of o are given in the 
units of 10~?7 cem*. ; 
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Fig. 9. Cross sections for K~-meson interactions with protons and neutrons. The dashed line is referred to the 


cross section oin(K~p). 
The values of o are given in the units of 107 *7 em’. 
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Table XVI. Ktp interaction 
ee 


ft! method ot [mb] A method o+ [mb] 
iu ann No a a a 
Below the threshold for pion production 225 C [362] 14,6 + 1,2 
m°-meson J’ = 225 Mey cross _ sections 227 Em [366] 14,7 + 1,7 | 
Ot = Oe] and oin = 0 250 (200 + 300) Em [367] 18,0 + 3,5 © 
0 Mev Ge 14,3 SE. 2,4 f Re : + 8 | 
10 (0 ~ 20) P-BC [363] 46 4 4,0 261 (200 + 350) Em [373,378] 24 2 
30 (20 + 40) P-BC [363] 5,8 + 3,3 270 (240 — 300) Em [374] 17 
50 (20 = 40)  P-BC[363] 10,4 + 3,3 270 (200 =~ 350) Em [377] 21,3 + 4,5 
50 (30 + 65) Em [364] ~15 270 (200 + 350) Em [365] 21,3 + 4,5 
55 (20 = 90) P-BC [363] 9,4 + 1,7 275 C [368] 16,3 + 1,7 
55.(0 + 110) Em [376] 2347 275 C [362] 15,6 + 1,4 
60 (20 + 100) Em [367] 13,5 + 2,8 304 Em [379] 21,6 + 6,5 
60 (20 = 100) Em [365] 13,5. + 2,8 456 H-BC [385] 16,0 + 1,4 
60 (40 + 80) Em [384] 15,5 + 2,3 600 C [338] 17,5 + 1,5 
65 (0 + 130) Em [375] 614 700 C [338] 19,6 + 1,2 
70 (60 — 80) P-BC [363] 12,8 + 3,0 960 C [338] 18,8 + 0,8 
80 (50 = 110) Em [376] 27+ 8 1,1 Bev C [338] 16,4 + 0,7 
80 (60 + 100) Em [370] 1443 1,23 C [338] 18,3 + 0,8 
85 (80 = 90) P-BC [363] 11,0 + 3,3 1,45 C [338] 15,7 + 0,7 
93 Em [366] 14,7 + 1,7 1,6 C [338] 15,5 + 1,1 
100 (50 + 150) Em [377] 1443 1,95 C [338] 1341 
100 (40 + 160) Em [372] 14,6 + 3,3 2,3 C [452] 15,0 + 2,1 
110 (40 = 150) Em [380] 1244 2,45 C [359] 23,8 + 2,5 
120 (60 = 180) Em [387] 14,5 + 2,2 2,45 C [452] 17,4 + 1,7 
120 (80 + 160) Em [384] 15,5 + 2,3 2,9 C [452] 18,6 + 1,6 
125 Em [369] 15 3,09 C [359] 23,2 + 2,0 
150 (100 + 200) Em [365, 367] 14,2 + 2,6 3,24 C [311] 21 +43 
175 C [368] 16,3 + 1,7 3,26 C [452] 20,5 + 1,6 
175 C [362] 16,4 + 1,4 4,28 C [311] 21,3 + 4,6 
180 (140 = 218) Em [383] 15+6 4,33 C [452] 25,8 + 2,7 
192 C [382] 15,4 + 3,0 4,43 C [359] 19,7 + 1,4 
225 C [368] 15,2413 | 7,42 C [359] 19,4 + 0,8 


*) Calculated by the experimental values of the scattering lengths (see 3.1). 
At 7’ = 280 Mev, the estimate oj,(K*+N) ~ 0,15 mb [389] has been obtained from the in- 
teraction with emulsion nuclei. 


Table XVII. K*n interaction 
SSS ———————— 
method 


Gel [mb] Oex [mb] Ot [mb] 
me a |e 
0 Mev *) 3,2 + 1,0 41-4044 73. tA 
50 (30 -- 60) Em [364] 8,5 + 4,2 2.3 + 0,6 10,8 + 4,8 

50 | Em [386] = 0,8 + 0,7 oy. 
50 | Em [380] 1047 2,5 + 1,0 12,5 + 84 

52 D-BO [385] s 0,9 7 a és 

54 Em [387] 9,2 + 7,3 1,240.5 10,447 
| es) > Cane i > 5) 38 

60 (40 - 80) Em [384] Be Le 1145 


100 


120 (60 + 180) 
120 (80 + 150) | 
125 (100 + 150) 
125 
127 
130 
140 
155 


) 
: ) 
175 (100 = 250) | 
180 (140 ~ 218) 
192 
195 
225 (200 = 250) | 
227 | 
230 

233 (196 ~ 271) 
255 

265 

270 

285 

315 

315 (271 + 359) 
330 


ad habe ® Sy 
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Table XVII. (continued) 
ee 


method 


Em [386] 
Em [375] 
Em [386] 
Em [380] 
Em [375] 
Em [386] 
Em [366] 
Em [387] 
Em [380] 
D-BC [385] 
Em [372] 
Em [380] 
Em [386] 
Em [386] 
Em [384] 
Em [387] 
Em [380] 
Em [388] 
Em [369] 
D-BC [385] 
Em [380] 
Em [387] 
Em [386] 
Em [389] 
Em [388] 
Em [388] 
Em [383] 
Em [382] 
Em [386] 
Em [388] 
Em [366] 
D-BC [385] 
Em [389] 
Em [386] 
Em [386] 
Em [386] 
Em [386] 
D-BC [385] 
Em [389] 
Em [386] 
C [338] 

C [338] 
C [338] 

C [338] 

C [338] 

C [338] 
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61 [mb] 


4,1 + 3,8 


9,7 + 4,5 


5,7 + 1,9 
2,3 + 4,4 
5,3 ai 3,8 


ee 37 
10,6 + 4,9 
12,1 + 1,6 
19449 
RL Ows 


Oex [mb] 


1,0 + 0,5 
34D 
1,0 + 0,8 
4,4 + 1,1 


0,8 -L 0,7 
5,6 + 1,6 
27/413 
4,0 + 1,0 
2,8 + 0,5 
2,0 + 0,6 
3,9 + 1,0 
1,24 0,7 
1,5 + 0,5 
4,0 + 0,8 
ie oe) 
5,2 + 4,0 
2.2 + 1,0 
3,1 + 0,4 
ee hl 
4,3 + 1,2 
3.0, £110 
4,6 + 1,2 
Tt 0 
7,7 + 2,2 


3 
6,0 + 1,8 
9,8 + 4,0 
Tce tii 


*) Calculated by the experimental values of the scattering lengths (see 3.1). 


OL [mb] 


7,5 + 4,8 


14,1 + 5,6 
242 


13,5 + 3,6 
10,4 + 5,2 
15,4 + 4,8 


10,4 + 2,8 
19,1 + 4,8 


9+3 
9,8 -- 3,0 
11,4 + 2,8 


13,5 + 3,6 
7,5 + 4,8 


17,5 + 4,8 
14,9 + 6,1 


1.0 4. 25 
9,4 + 1,9 
10,3 + 3,5 
7.5 + 2,4 


10,2 + 2,5 
16,4 + 3,8 


15,6 + 4,9+ 
20,0 + 2,7+ 
17,7 + 2,24 
18,0 + 4,0+ 
19,3 + 4,2+ 
(3.443.794 
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Table XVIII. K~p interaction ee 


ff method o+ [mb] EE method o+ [mb] 

WON Se EE eee 
84 Mev H-BC [355] 90 960 © [338] 36-4 5 
89 N [360] 94,6 + 9,0 1,07 BeV C [338] 32,5 + 0,8 

140 N [360] 88,6 + 8,0 1,18 © [338] 32,5 + 0,8 

140 H-BC [355] 87 1,23 © [338] 4445 

223 H-BC [367] 48 £4 1,31 C [358] 32,5 -+ 0,6 

238 (150 300) Em[341] 107 + 45 1.52 C [358] 30,5 + 054 * 

314 H-BO(s6Hi. 8823 2,04 © [358] 26,9 + 0,5 

412 H-BC [367] 40 + 2 2,35 C [360] 20 + 5 

530 © [340] 524+9 4 at 

ae cee wie 2,52 C [358] 25,3 + 0,4 

oe C1388) eae 3,52 C [358] 254 + 0.7 

7710 H-BC [457] 48 +5 3,68 C [359] 29,6 + 3,1 

830 C [358] 33,8 + 0,9 4,43 C [359] 26,7 + 1,4 

940 © [358] 31,2 + 0,9 7,42 © [359] 24,3 + 1/4 

Table XIX. K~p interaction 
a method dei [mb] te method de [mb] 
ye rs mee 453 47 (40 +55) HBC[337] 51-413 
5 Mev Bn ae dg 47 (40 55) H-BO[354] 3849 
by (0240) Emi[335] 9 1-58,5,22/33,8 z E = Gals 
6 (2.5 +10) H-BC[337] 70 + 22 27 (30 S70) Deen eae) os 
6 (2.510) H-BO[354] 36 15 49 N [360] 5648 
10 Em [432] 105 1 91 52 Em (432) 50 7 4 
i N [360] 88 + 17 55 (45 +65) Em[360]  ~- 40 + 10 
15 (5 +25) Em[350] 57 + 24 55 (50 +60) Em [335] 41,2 + 9,1 
15(10 +20) Em [335] 59,4 + 18,8 ee eer 41g 
17 (10 23) H-BO[337] 92 4 15 58 (0+ 82) Em [344] 3S aeG 
17(10 +23) H-BO[354] 66411 ; 49 
20 (10 + 30) Em[352] 77 + 15 OS (OT 8?) also eee, 
20 (10 +30) Em [335] 56,1 + 11,6 60 (50 = 60) Em [335] 42,4 + 6,4 
| + 32 60 (50 +70) Em[352] 4848 
21 (0+ 30) Em [34 7 
( eee iy OY GR Posey 60 (10 +100) Em[361] 45-45 
22 Em [432] 108 + 40 60 (10 + 140) Em [553] 50 £5 
25 (20 + 30) Em[335] 53,9 4 14,7 65 (30 + 100) Em [347] 50 £5 
29 N [360] 79 + 10 65 (60 +70) Em [335]  48,6.+ 9,9 
30 (23 + 40) H-BC[337] 86 4 11 65 Em [347] 36-7 
30 (23 + 40) HBO[354] 6748 ats 
30 H-BC [343] 45 + 30 FAO se BRN yarn 1346 Voie ames 
35 (25 +45) Em([350] 56 + 16 75 Em [341] 3648 
35 Em [341] 76 +. 13 75 (70 + 80) Em[335] 44,9 + 10 
35 (30 + 40) Em [335] 66,0 4 14,1 75 (65 + 85) Em([350] 43+ 12 
sto Cy 76 (5 +130) Em[348] 46 4 6 
9 80 (70 +90) Em [352] 38 + 10 
40 Em [352] 63 + 10 80 (70 +90) Em [335] 44,7 4. 9,5 
a sins esoyreo mee neenee 83 (80 + 90). H-BO[337] 5247 
e416 84 H-BC [355] 52 
40 (30+ 50) Em [335] 56,0 + 8,65 85 (80 +90) Em[335] 44,2 + 313 
45 (40 + 50) Em([335] 480+ 10,7 | 89 N [360] 62,8 +8 
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‘Table XIX. (continued) 


a method Oe) [mb] 4h! method 
15 125 (100 = 150) Em [342] 
90 Em [349] 48,4 ° 
eo tae eat 140 N [360] 
90 N [360] 31,5 + 13 140 H-BC [355] 
90 Em [341] 33 + 12 150 (140 = 160) H-BC [337] 
8 | 238 (150 + 300) Em [345] 
90 (60 + 100) Em[: 34.7 
( ee NA ae ak ay 238 (150 + 300) Em [347] 
assayed : > + 130 770 H-BC [357] 
95 (85 + 105) Em [350] ists io O2561 
115 (105 + 125) Em [350] 33 a 
Table XX. K~p interaction 
P. method Sex [mb] ft method 
<8 Mev 0 148 H-BC [336] 

18 H-BC [339] 1144 148 H-BC [339] 

20 (10 + 30) Em [352] is 7 238 (150 + 300) Em [347] 

25 H-BC [336] 15 606 C [358] 

34 H-BC [339] 1744 606 C [358] 

49 HBO i220) © 97-3 770 H-BC [357] 

69 H-BC [339] 5 43 1,055Bev  C.[358] 

84 H-BC [355] 2,5 1,055 C [358] 

89 H-BC [339] 443 2 C (358) 

89 N [360] 4,1 + 2,3 2 C [358] 
140 H-BC [355] 543 3,49 C [358] 
140 N [360] 5,1 + 2,5 3,49 C [358] 

Table XXI. K~p interaction*) 
op method Gin [mb] 
60 Mev | Em [353] 20 +5 
84 |  H-BC [355] 35 + 5 
89 N [360] 28,4 + 10,9 
140 N [360] 33,5 + 9,7 
140 H-BC [355] 39 
238 Em [341] 67 + 29 
(150 + 300) 
770 H-BC [357] yas 


*) Inelastic K~ p-interaction has no threshold energy. 


Table XXII. K-n interaction 


gh method o+ [mb] 
600 Mev C [358] 31,2 + 1,67 
830 C [358] 29,4 + 1,1+ 
1,07 C [358] 26,4 + 1,0f 
1,31 C [358] 24,3 + 0,87 
1,52 C [358] 22,7 + 0,9F 
2,04 C [358] 22,6 + 0,97 
2,52 C [368] 22,4 + 0,7+ 
3,52 C [358] 20,5 + 0,9 


35 + 16 
24,2 + 4,6 
7,6 + 1,5 


12,9 + 2,6¢ 


3,2 ets 0,7 


584 V. 8S. BarasHENKov and VY. M. MaLrsEv 


The Tables present the values of the cross sections with account of the corrections © 
for nucleon screening in a deuteron nucleus J(K*d). These values have been’ 
calculated by the Glauber’s method. (See Appendix I). The cross sections thus 
obtained are indicated by the sign f. 

As far as the experimental data are known with large errors, most of the curves 
in Figs. 8 and 9 should be treated only as tentative. 

A considerable drop in the magnitude of the cross section o;(K*p) has been found 
in the energy region of about 2 Bev [338]. Till most recently it remained quite ob- 
scure whether or not his drop can be accounted for. In particular, it was emphasi- 
zed in [89] that the experimental data from [338] do not contain the correction 
for the diffraction scattering, the account of which can make the cross section 
o:(K+p) approximately constant in the range 7’ > 1 Bev. 

Recent measurements performed at Dubna yielded the values o;,(K*+p) which 
are consistent close at 7’ = 2 Bev with the data of [338] and increasing with 
energy [452]. Combined data of [338, 452] indicate an existence of the maximum 
in the cross section o¢(K*+p) in the range of about 800 Mev. The data of [89, 452] 
allow the maximum in the cross section in the energy range of 5 Bev. 

The experimental data of [452] are fresh, and probably, most accurate. However, 
we are not brave enough to state that the situation here is quite clear. 

The maximum in the cross section o,(K~p) at low energies is also not yet quite 
reliable. 

According to the considerations of the charge symmetry and invariance with 
respect to the charge conjugation, the total cross sections and those for elastic 
and inelastic interactions must be equal: 4 


o K+p) = o(K®n) = o(K-p) = o(K°n) 
o(K*n) =o(K°p) =o (Ken) == o(K°p) 
o(K-p) = o(Kn) = o(K*p) = o(K°D) 
o(K-n) = o(K®p) = o(K*n) = o (Kp). 


Besides, 
dex (Ktn) == Cex (K°p) == Cex (K~n) = Oex (K°p). 


At high energies the charge symmetry and invariance with respect to the charge 
conjugation for K-mesons have not yet been verified. However, they seem to be 
very likely. 

One can see from the above experimental data that the difference between the 
cross sections for K-meson-proton interaction and those for K-meson-neutron 
interaction decrease with energy. This points out that the dependence of the 
interactions on isotopic spin is weakening. At high energies the cross sections for 
K* and K~-meson interaction also become close. The values of these cross sections 
are approximately two times smaller than those for NN interactions. 


2.7 K-Meson Interactions with z- and K-Mesons 


At the present time there are some experimental data which points to an existence 
of a noticeable Kx interaction. The most important of them are: 

1. An analysis of the correlations between K- and x-mesons produced in tp colli- 
sions at 7’ = 7 Bev leads one to the conclusion about the resonance K x inter- 
action at 7’ ~ 110 Mev [390]. (The Kx isobar mass M ~ 0.8 Bev [325], [390].) 


Tee ne Ne ae Me fs hg Be ot gd = a SNE 
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2. A-hyperons produced in xp collisions are flying predominantly in the center- 
of-mass system in the direction opposite to that of a primary x--meson, while 
the K-mesons have an approximately symmetrical distribution (somewhat peaked 
forward, see e.g., [391]). Such a character of the angular distributions of strange 
particles produced at high energies can be understood if we take into account 
the peripheral collisions of a primary x-meson with the K-meson cloud of a nucleon 
(cf.5 in [392]). One-meson approximation calculation yields o(Kz) ~o(xN) 
for the Kx interaction cross section. (The numerical results depend on whether 
the K-meson is assumed to be scalar on pseudoscalar. The latter case is likely 
to be more preferable). he 
3. An optical analysis of elastic Kp scattering at high energies points to a con- 
siderable probability of Kx interactions for large impact parameters. For the 
Kx interaction cross section an estimation of o(Kx) ~ o(xN) [393] also follows 
from here. 

It should be also emphasized that the ,,D-like‘‘ events of xN interactions observed 
at Dubna and other laboratories may be also interpreted as a result of K- and 
m™-meson interaction. 

It is shown in [403] and [404], that the account of the interaction 


lélam = A (K+K+ _ K°K°) (aetae- = aot + 709779) 


where x, K, K are the operators of the fields of 
the corresponding particles, and / is the coupling 
constant, enables to explain a number of experi- 
mental facts on the K-meson interaction with nu- 


A* 


cleons and nuclei at low energies. One can show PERT, a 
that the charge exchange reaction in this theory f 

n° + K+ 7+ K® is forbidden [394]. Therefore, in G, 

the one-meson approximation the reaction K+ + p 


p—>p + K® +z is also forbidden. (See Fig. 10.) 
To check this conclusion experimentally is of great 
interest. 
If the K+ and K® mesons have different parity, then a triple interaction of the 
kind Hint = AKxK is possible. 
As is seen, the information about Kz interaction are even poorer than about the 
interaction of pions. 
In the energy region not exceeding some hundred Mev, Isanv and SEWERINSKI 
have recently obtained the equations for the amplitude of Kx interactions [395] 
by using the double dispersion relations. Analogous equations have been got also 
by B. Lee [396]. However, the solution of these equations has not yet been 
found. 
From the theoretical point of view, one can expect an appreciable interaction 
of K-mesons with K-mesons. (It is likely, that o(KK) ~o(Kx) ~o(xN).) 
However, no experimental data on such an interaction are not available at pre- 
sent. The information on the KK interaction could in particular, be extracted 
from the study of the angular and energy distribution of strange particles produ- 
ced in the reactions 

KN = KEK EAC) tan = 0,1. .): 


Such interactions may be treated as peripheral collisions of an incident K-meson 
with the K-meson cloud of a nucleon. 


Fig. 10 
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Ill. Theoretical Interpretation of the Experimental Data 


One can see from the experimental data given above that the behaviour of the 
interaction cross sections is of a very complicated form. Whatever detailed theo- 
_ retical consideration of this behaviour could be given only in a detailed mono- 
graph and would be far beyond a journal’s review. Therefore, we restrict ourselves 
to the consideration of only the limiting cases of very low (7’ = 10 Mev) and 
high (7’> 1 Bev) energies. In these energy regions there are some interesting 
features which are common for the interaction of different particles. 


3.1 On the Behaviour of the Cross Sections at Very 
Low Energies 


To describe the particle interaction at low energies one can make use of the well- 
developed theory of the effective range [407, 412, 387]. 

In the particular case of the slow neutron interaction with protons the cross sec- 
tion for the interaction has the form: 


where 


(7'/M) is the kinetic energy of a neutron in the units of its mass M, 4, = h/MC: 


a, = (5,415 + 0,012) 10-3 em; ot = 1,7 (1 + 0,017) 10-8 em 
ds = — (23,806 + 0,028) 10-3 cm; os = 2,5 (1 + 0,1) 10-13 cm. 


The values of these parameters have been determined from the comparison with 
the experimental cross sections o(7') [408]. As is seen from Fig. 1 the experiment 
and the theory agree well up to the energies of the order of some dozen Mey. At 
higher energies the form of the nuclear potential is of importance, and a more 
detailed consideration is necessary. 

In case of pp scattering the Coulomb forces are essential. However, the theory 
of the effective range allows to extracted here the cross section of purely nuclear 
scattering from the experimental data: 


where again K? = 4 (T/M) 1/439). : 
The values of the parameters as and gs determined from comparing with experiment 
are in good agreement. with the corressponding values for pn scattering, as it 


9) For the total wave function to be antisymmetrical, the pp system may have only singlet 
spin states for the even orbital moments. Therefore, at low energies when scattering takes 
place in the S-state, the pp system may be in the 18-state only. 


ad 
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should have been expected from the charge independence considerations [408]. 


The effective range approximation is principally applicable to NN interactions 
also. However, in this case the know experimental data are found to be insuffi- 
cient for an unambiguous determination of the parameter in the formulas for the 
cross sections: (Note, that these parameters are complex due to the thresholdless 
inelastic annihilation processes). 


In pionscattering on nucleons the P-wave scattering play an essential part. Therefore, | 


the number of the parameters is getting larger, and the formulae for the cross 
sections have a more complicated form than for nucleon interaction. Within the 
limit 7’—»0, when the interaction occurs in the S-state 


o(xtp) = 4a} 


don 
Gei(™ p) = “i (2a, + ag)” 
8a 
Oex (7 1) == 9 (dg a) 
; Ag 
x(n) = — (2a} + a8). 


It is likely that one of the most exact values of the scattering lengths in the states 
with the isotopic spins ¢t = 1/, and t = 3/, have been obtained in [412] 


a, = (0,249 + 0,007) 10% em; a, = — (0,122 - 0,007) 10-3 em. 


There are some papers in which the range approximation is applied to the K- 
meson interaction with nucleons (see, e. g., [4/0, 411, 381], where the bibliography 
is given). This theory turns out to be very complicated, since, for instance, in 
case of K~p interaction the thresholdless inelastic reactions are possible, and the 
scattering lenghts become complex [4/1]. We present here only the values of the 
scattering lengths for the K+N interactions [38/7] (the details are given in the 
references) 


where a, = — (0,336 + 0,028) 10-8 cm; = ay = (0,020 + 0,042) 10-43% cm are 
the scattering lengths in the triplet and singlet isotopic states. 

The corresponding values of the cross sections at 7’ = 0 are indicated in the 
Tables of the previous section. 


3.2 On Constancy of Interaction Cross Sections 
at High Energies 


It can be seen from the above experimental data that the cross sections o¢, Gin, 
Ge1 are becoming constant at high energies. However, the data obtained from the 
cosmic ray experiments at very high energies contain large errors and strictly 


~ 
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speaking, one can only say that at these energies the magnitude of the interaction 


cross section does not considerably change. , 
At the present time there is no theory which would account for the behaviour of 
the cross sections even at those high energies which are available in the modern 
experiment. Moreover, the constancy in the interaction cross sections at 7’ > 
1 Bev seems to be contradictory to the modern field theory, where in calculating 
many physical quantities (particle masses, magnetic moments etc) one has to 
introduce the form-factors to suppress the interactions at high energies. However, 
examplex can be given (see e. g., 3.3), when even very weak interactions lead to 
large values of the cross sections with energy. The suppression of the interactions 
with the aid of the form-factors may in this case compensate the increase of the 
cross sections and make them constant. Probably an analogous situation takes 
place in the general case as well. 

For the energy depedence of the cross sections for pion interaction with nucleous, 
the boundary estimates 


ee < ot(T) < T - Const 


have been obtained in [4/3] from the analysis of the properties of the expansion 
functions in the local field theory. These estimates are not in disagreement with 
the experimental data. More definite conculsions about the asymptotic behaviour 
of the cross sections have been made in papers [4/4, 415] recently published. It 
has been found in these papers from the consideration of inelastic peripheral 
interactions at high energies by using the one-meson approximation are that o(T) 
decreasing with energy: 


const 
aT ee 


Ph Gb Se: 


An analogous conclusion was obtained in [4/6] by means of dispersion relations. 
As far as the cross sections are getting smaller very slowly (with the energy in- 
crease from 1 Bev up to 10+ Bev the cross section decreases approximately by 
10% [416]), this does not contradict the known experimental data. 

However, the conclusions of papers [474— 416] are based on a number of assump- 
tions and are not convincing enough. So, in papers [474, 415] the interaction in 
which one of the interacting particles is virtual is replaced by the interaction of 
real particles. It is possible that such a replacement is correct only up to compara- 
tively slowly changing logarithmic terms which just compensate the logarithmic 
decrease of the cross sections. One can give the examplex of mathematical ex- 
pressions when a similar situation takes place. At any rate, this problem requires 
a special consideration’), At present one can only say that the interesting results 
obtained in papers [474—416] point out that it is necessary to be very careful in 
extrapolating the methods of calculations to the region of extremely high energies. 


3.3 The Equality of the Cross Sections for Particle and 
Antiparticle Interactions 


It is possible to prove that the total cross sections for (pp) and (pp) interactions 
are equal by assuming that the cross sections for proton-proton and proton-anti- 


proton interaction are constant at high energies. The same holds for the total cross _ 


10) The authors are grateful to D.I. BLoKHINTSEY for a detailed discussion of these problems. 
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sections for x-- and x+-meson interaction with protons, for the total cross sections 
for K*p and K~p interactions etc. — in the general for the interactions in which 
either a particle participates or — the other time — the respective antiparticle 
[417]. 

In order to prove this theorem, we consider the dispersion relation for the ampli- 
_ tude of elastic scattering A(H) at the angle 6 = 0 “a 


[oe] 


_ (EE, (aE o1(B’) | 
ReA (£) =, 472 rf pe |e E) tH = BP? T 
0 
6t(E) | 
+ WH) a+ rl ig Se 


where @ and 6 are the constant coefficients [418], 1 is the nucleon wave length, 
E=T + M, E, is the value of the energy arbitrarily chosen"). It is essential 
that both the cross section for the particle interaction o; and that for antiparticle 
one ot always enter the dispersion integral. 

Keeping only the largest terms we get for H -—> oo 


Re A (EZ) ~ E?p ee o1(#") a) 


J f | —-H HE 

where the value of the energy « is chosen so that eS H, and for EH’ >e 
OL) == o7(co); oy (E’) = 04 (co): 

After the integral had been calculated 
Re A (#£) ~ ElnE[ot(co) — o¢(co)]. (1) 


However, the elastic scattering amplitude A (#) cannot increase as H1n HL. Indeed, 
at high energies when the harmonics with / > 1 play the main role 


co 


| ~ i Qi X ¢ 
|A (#)| = as (21 + 1) (1 — e??m)| < a [ eae \(1 — e2*"(e/4))| < H-Const (2) 


Ex 


6 


since 1/1 ~H#, 7 ~0 for @> R, where R is the radius of the nuclear forces; 
and |(1 —.e?*2%4)| <2 (cf. [401}). 


11) For the sake of simplicity we shall not take into account the spin and isotopic dependence 
in the amplitude A (Z); all the considerations can be also easily repeated in the general case. 
We are not going to sonsider the electromagnetic interaction, the account of which intro- 


duces only small corrections. 
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Evidently, relations (1) and (2) are not contradictary, only if 
) a+ (co) = Gt (00). (3) 


It is shown i paper [419], that the difference between the cross sections o¢ (HZ) — 
o:(B) at Hoo is decreasing not slower than 1/In#. Still stronger relation | 
has been obtained in [420]?”) . 


o1(L) — or(#) < Const/E (4) 


Sometimes it is asserted that the considered limiting relations for the cross sec- 
tions are the consequence of only the properties of dispersion relations. However. 
we can see from the proof of relation (3) that these limiting relations have been — 
obtained under the equivalent assumption about the constancy of the interaction 
cross sections at 7’ —>+ co. On the contrary, if relation (3) or (4) is considered as 
the basic one, then from the dispersion relations we get that the constancy of the 
cross sections at 7’ — oo. 

Tf the deviations from the constant values of the cross sections, e.g., slow decrea- 
sing, as it is predicted in [474—416], will occur only at extremely high energies 
T > (100 — 1000) Bev, then in the region of lower energies this will give only 
small corrections to the dispersion relations, and all the considerations mentio- 
ned-above, and equality (3) particularly, will remain approximately correct at 
energies 7’ < (100 — 1000) Bev. 


3.4 Dependence of Interactions on Isotopic Spins 


At 7T’<1 Bev particle interactions depend essentially on their isotopic spins. 
This is seen from the experimental data given above. In Figs. 11 and 12 is shown, 
as an example, the energy dependence of the experimental z-meson and nucleon 
interaction cross sections for the states with definite values of the isotopic 
spin. 

However, the number of possible channels of inelastic reactions quickly increases 
with energy, while the total cross section for inelastic reactions cin > Const or, 
at any rate, it does not increase. 

The cross section of each of inelastic channels including the channel of charge 
exchange scattering oex becomes still smaller and smaller oex/oin — 018). In other 
words, the contribution of the interactions connected with the reorientation of 
the isotopic spins of the colliding particles becomes negligibly small. This leads 
to the fact that at high energies the cross section becomes independent of the 
isotopic spins. 

This can be illustrated by the pion and nucleon scattering on nucleons [422]: 
If #, and F, are the amplitudes of the pion-proton scattering in the states with 
the isotopic spin t= 4 and ¢=3, then the differential cross sections for 


™) This formula has been obtained from the asymptotic expansion in # degrees of the dis- 


persion relation for the squared amplitude. It was assumed that Re A(H) + Re A(B) > 
-> Const. by H > oo. 

*8) At the same time, it is assumed, of course, that the charge exchange cross section has no 
resonant character at high energies. This is in agreement with the modern ideas about the 
mechanism of particle interaction at energies J > 1 Bev [401, 427). 
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pion scattering are written as 


iS 
ll 


o(xtp > ntp) = |"F, |? 

02 = o(r°p > rp) = f |2F3 + Fy? 
Cane TAO tn) 4\F, — FP 

y P's + 2F,|? 


Ove Gite TN) = Ge. 
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Fig. ii. Total cross sections for m-meson interaction with nucleons in the state with the isotopic spin ¢ = 3/2 
(solid curve) and in the state with the isotopic spin ¢ = 1/,(dashed line). The dash-dot line the corres- 
ponding cross section ot(m°p). The values of the cross sections are given in the units of 107°? em*. 


0 


1 1 = 
700 Mev 1 Bev toBey T 
Fig. 12. Total cross sections for nucleon-nucleon interaction in the state wilh the isotopic spin 7’ = 0 (solid 
curve) and in the state with the isotopic spin Z’ = 1 (dashed line). The values of the cross sections are 
given in the units of 10~°7 cm. 
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It follows from the condition of vanishing the charge exchange cross sections 
03 = 06, = 0 that F, = F;, 1. 


ot ae or (5) 


As is seen from Figs. 5 and 6 within experimental error the cross sections become | 
independent of the isotopic spins, already at energies (3 — 4) Bev. | 
As long as at high energies equality (5) is fulfilled for any scattering angle 6, then | 
the corresponding phases 7, of the scattering amplitude turn out to be equal’) 


|» 


A(6) = 


bo 


: > (21 + 1) (1 — e??™) P,(Cos 6). 
=0 


vy 


Hence, the cross sections oin and o; are equal. * 
In case of proton-nucleon scattering the differential cross sections may be written 
in the form 


o(pp > pp) = |F,/? 
Op = o(pn—> pn) = 1 |F, + Fy? 


07 


ll 


6, = o(pn > np) = 4 |F; — Fy? 
where F, and F,, are the scattering amplitudes in the states with the isotopic 
spin ¢=1 and += 0. 
It follows from the condition o, = 0 that F, ~ Fo, 1.e€., o, = 69. 
Equal are becoming also the phases of the elastic scattering amplitudes 7e and, 
hence, the cross sections ojn and ot. 
If can be seen from Figs. 2 and 3 that at 7’ > (5 — 6) Bev the interaction cross 
section within the experimental accuracy are very weakly dependent on the iso- 
topic spins. 
By analogy one can consider the interaction of particles of other kinds. In all 
cases at high energies the cross sections are very weakly dependent on the isotopic 
spin. 


3.5 Dependence of Interactions on Spins of 
Colliding Particles 


At high energies where the orbital numbers 1S 1 play the main part, the phase 
of the elastic scattering amplitude depends only on the energy and on the total 
spin of the colliding particles S, since 


J=|b—S|;...5|/0+ 8) et and Y= |J —S8);...;|J +8) J =] 
Nee (L, ue S) a Wy S). 


4) One can become easily sure of this, if equality (5) is rewritten for the scattering ampli- 
tudes, multiplied it by a Legendre polynomial and integrated over all the values of Cos 
from —1 up to +1. 

Strictly speaking, the statistical speculations about the vanishing of the charge exchange 
cross sections given above are not applicable in the region of very small angles 6 ~ 0°, 
where distinct peripheral collisions with a small energy transfer, give the contribution, and the 


number of inelastic channels is not great. However, with energy the contribution of such 
interactions decreases quickly. 
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As the recent experiments have shown, in the energy region T’ ~ 1 Bev a noti- 
ceable spin dependence of the interactions [438] is still observed. This is seen, 
e.g., from Figs. 13 and 14, where are indicated the experimental values of the 
maximum magnitude of the polarization in nucleon-nucleon and nucleon-nucleus 
interactions at different energies. At high energies we have no direct experimental 
information about the spin dependence of the interactions. However, one can 
expect that this dependence at energies 7’> 1 Bev will be unessential 1°). 
In case of the interaction between particles of different kinds (for instance, z- 
or K-mesons with nucleons) this may be accounted for the same reasons as for 
the isotopic spins. The spin-flip cross section os will quickly decrease in this case 
with energy. 

Such considerations are not applicable to the nucleon-nucleon interactions where 
there are no transitions between the singlet and triplet states and therefore 
os = 016). However, from the standpoint of the modern ideas about the mecha- 
nism of inelastic interactions at high energies (the compound-particle model 
[423], the statistical theory of the central and peripheral collisions [407, 427]) it 
may be expected that in this case 7,(H, 8) = y,(#) as well. (Let us remind that 
at 7’ >1 Bev oe ~oa and are complately determined by inelastic processes.) 
It stands to reason that all the considerations about the spin and isotopic depen- 
dences are applicable to the nuclear interactions as well. 

We can see from Figs. 13 and 14 that at high energies the experimental values of 
the polarization decrease with 7’, this decreasing being quicker in nucleon-nucleus 
interactions. 


3.6 Weak Interactions at High Energies 


Recently the attention of many physicists has been drawn to possible experiments 
with high energy neutrinos (see, e. g., [7] where there is a bibliography). Under 
usual conditions the neutrino interactions are waek, the cross sections for such 
interactions are much smaller than 
those for electromagnetic and nuclear 
interactions. However, some years ago 
D. I. BLoKHINTSEV pointed out that 
at high energies the cross sections for 
,,weak interactions rise fast [424]. 
This was also emphasized by M. A. 
Markov [425]. 

After powerful proton accelerators were 
started up, real conditions are created 
for arranging experiments with high en- 
ergy neutrinos. In this case the neu- 
trinos appear in the decay of charged pions produced in the collisions of fast nucleons 
(see Fig. 15). The estimates have shown that in the flux of 10" protons per second 
at an energy 7’ = 10 Bev it is possible to get a neutrino current with energies 
T > 1 Bev ~ 108/cm? at a distance of 50 m from the target [426, 427]. When the 


Bb) 


Fig. 15. Neutrino generation by a beam of fast protons. 


Preliminary results of measurements in emulsion at 7’ — 9 Bev gave the magnitude of 
the polarization in pp interaction p = 0.34 + 0.36 for the angle 6 = 15.4° 4+ 2° in the 
cm. §. [94]. 

**) For pp interactions (like for the interaction of any two identical particles). gg = 0 in 
virtue of the parity conservation low in the system of identical particles; in case of pn inter- 
actions os = 0 owing to the charge symmetry. 


I 
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distance from the target is increased as much as two times, the neutrino flux 

eens pies) three times. (These data are referred to the small angle region 
~ 0° — 3°.) 

As the calculations have shown (see, e. g., [426]) the cross sections for neutrino 

interactions with nucleons and electrons at 7’ > 1 Bev are equal to: 


o(v+n—>e+p)=1.4(T/M)- 10-8 cm?. 
o(v + pe + n) = 4.8 (T/M) - 10-89 cm?. 
o(v + e—>v-+e) = 7.8 (T/M) - 10-42 cm?. 


o(v + e—>y + e) = 2.6 (T/M) - 10-4 cm?. 
o(v +e—>n-+ p) = 2.6 (T/M) - 10-4 cm?. 


where (7'/M) is the neutrino (antineutrino) energy in the units of the nucleon mass 
M, y-antineutrino, e-positron. These values have been obtained by means of 
the perturbation theory which is valid up to 7 ~ 10% Bey. At such gigantic 
energies the cross sections for neutrino interaction with nucleons are o ~ 10-26 em?2, 
i. e., of the same magnitude as the nuclear zN and NN cross sections. However, 
at high energies the cross sections for yN interactions are essentially modified 
by the form-factor which take into account the spatial nucleon dimensions. 
(The application of not quite lawful extrapolation of the Hofstadter from-factor 
in the region of very high energies leads to the constant cross section « ~ 10-38 cm? 
[427]). The same is true for ve interactions (it can be expected that the electron 
has a geometric dimensions ~ 10-16 cm [429)). 

To check the theory experimentally in the energy region 7’ ~ 10+! Bev it is 
necessary to have the counter beams of particles with 7’ ~ 100 Bev. Recently 
M. A. Marxoy paid his attention to an interesting possibility of using the cosmic 
neutrinos of very high energies [430]. 


VI. Conclusion 


The theoretical and experimental data described above may give one a qualita- 
tive picture of the behaviour of the cross sections for nucleon, antinucleon, z- 
and K-meson interactions with nucleons in the energy range of some dozen Bev. 
However, in many cases the quantitative data are still insufficient. Especially, 
this is true for the interaction of antineucleons and K-mesons with nucleons. 
The interactions with neutrons at high energies is also little investigated. We know 
practically nothing about the interaction of polarized particles. More accurate 
measurements are of its own interest here, and are also important for a quanti- 
tative check of theoretical schemes and models. It is clear that any information 
pertaining to xz interaction, 7 and K-meson interactions, hyperon interactions 
is of great interest. 

It is likely, the qualitative picture remains the same further in the energy range 
of some hundred Bev. 
At any rate one can point to two problems the investigation of which at high 
energies is of principal interest. The first one is to investigate how far at 7 > 00 
the cross sections o¢, din, dei remain constant, If this constancy, as the experiment 
predicts now, is conserved up to very high energies, then in the collision of super 
high energy particles the showers may be formed where the mass of the newly 
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produced particles amy become macroscopic. Figuratively speaking, in this case 
stars may be created not in the sense as they are understood in the emulsion labo- — 
ratory but as they are understood by astronomers [431]. _ Ke 

If it turns out that at high energies the interaction cross sections are decreasing 
and vanishing, it points to serions difficulties on the way of investigating very. 
small space-time intervals. At high energies the particles will be in this case 
, transparent’. 

One can hardly say which one of the two possibilities is more interesting. . 

In the region of very high energies the information about the cross section o4 
may be extracted from the analysis of the mean-free paths of the cosmic rays. 
in the emulsion (see Appendix II). The value of the primary particle energy may 
be estimated here by the angular distribution of secondary particles with the 
aid of the well-known formula of C. CastagNnoti. When the statisfies is insuffi- 
cient it is possible to get the conclusions about the magnitude of o; within narrow 
energy intervals. 

Another problem of principle is to investigate a possible violation of the equality 
between the cross sections for particle and antiparticle interactions o = o. Under 
the condition that the interaction cross sections remain constant at high energies, 
such violations would point out that dispersion relations and their basic principles 
are not valid (in the first turn, the causality principle) in the small regions of 
space-time, 

The only source of information on the interaction of superhigh energy particles 
is now and very likely to be in the near future the cosmic — ray experiments. 
Strong hopes are set on the acceleratirs with counter beams. Two counter beams of 
particles with an energy 7' enable to investigate the interactions at energies 7? 


[2]. 


Appendix I 
Nucleon Screening in a Deuterium Nucleus 


In most of the cases the cross sections for the interaction of different particles 
with neutrons are determined by the difference method from the experiments 
with hydrogen and deuterium. However, due to the mutual screening of nucleons 
in a deuterium nucleus the cross section for the interaction with a deuteron is 
not equal to the sum of the cross sections for the interaction with a proton and a 
neutron oa # op + On. Therefore, in the course of analysing the experimental 
data it is necessary to introduce the corresponding correction for screening. 
This correction is very small at low energies, when de-Broglie wavelength of inci- 
dent particles is large, and there is practically no shadow because of the diffrac- 
tion scattering of these particles. At high energies, on the contrary, the approxi- 
mation of the geometric optics is applicable and the screening effect is expressed 
very vividly (see Fig. 16). In this case thescreening is displaced the stronger, the 
larger is the cross section for inelastic interaction oin. 

It has been shown by Glauber in ref. [13], that with account of screening the ima- 
ginary part of the elastic scattering amplitude at zero angle may be put as 


Im Fa(0) = Im Fp (0) + Im Fy(0) + 2Re[Fp(0) + Fa(0)] (2) (1) 


where Fa, Fp and Fp are the corresponding amplitudes of elastic particle scatte- 
ring on a deuteron, proten and neutron; (r-*)a is the mean value of the inverse 
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squared distance between the proton and the neutron in a deuteron; / is the wave- 
length of the scatteres particle. 


By using the optical theorem, relation (1) may be written as 
Od = Op + On + fat {(40/)? Re Fy (0) «Re Fn (0) — opon} (r-*)a (2) 


where oa, op and oy are the total cross sections for the interaction of an incident 
particle with a deuteron, proton and a neutron [72]. 
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Fig. 16. Screening effect in a deuterium nucleus. 
a) The case of low energies. The mean distance between the nucleons L is longer than the dimensions 
of the shadow region: L > R/A. 
b) The case of high energies. The mean distance between the nucleons ZL is shorter than the dimension 
of the shadow region : Z < R/A; R = 10-™ cm — effective dimensions of a nucleon; A is the wavelength 
of an incident particle. For simplicity the case of the black (absolutely absorbing) nucleon is considered. 


If the real parts of the amplitude F(0) and F',(0) are neglected in comparison 
with their imaginary parts, then (2) may be written in a form convenient for the 
calculations: 

On = 4(0a — Op) 


ie i! ai 2) (3) 


The neglect of the real parts of the amplitudes Fp and Fy is a good approximation 
at T >1 Bev [401, 444]. For lower energies — this is a very rough approxima- 
tion. Below the threshold for inelastic reactions the imaginary parts of the ampli- 
tudes are vanishing at all and F = ReF. However, as is seen from formula 
(2), at low energies the screening effect itself is insignificant. Besides, in most of 
the cases the values Re F>(0) and ReFy(0) at 7’ <1 Bev are, all the same, 
unknown now [444]. 

The value of <7-?)a may be determined if the values of the cross sections 
Oa, Op, On are known at the same energy from independent measurements. ie 
magnitude of <r-2>4 can be calculated purely theoretically also, if the wave func- 
tion of a deuteron is known. The results of the calculations are somewhat chan- 


~ 


ging depending on a concrete choise of this function. On the average < cya 
46 = 1075 em?. | 
At high energies the cross sections are very weakly energy dependent. In this 
case the correlation factor 7 becomes constant and is equal approximately to 
0.1 —0.2. The corresponding correction to the CTOSS section on’ = Oa — Op 
makes up about 20% or less. Below the threshold for inelastic reactions 7 ~ 1 
and on =a — dp. In the intermediate region the calculation of the screening 
correction is a complicated problem. Appoximately one can may think that in 
this region 7 is chaning linearly with energy [72]. 

As we see, the screening corrections are calculated very roughly. In more accurate 
calculations, one should, in particular, take into account the double scattering 
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in a deuteron nucleus. However, within the experimental error -- do such an 
approach is quite satisfactory in the practical calculations of on. The cross sections 
on thus obtained agree well with the values got from direct measurements in a 
neutron beam. 


Appendix II 
Mean-Free Path of High Energy Particles in Emulsions 


In analysing the tracks of high energy particles in emulsion the elastic scattering 
events of these particles on nuclei are not usually fixed. This scattering at high » 
energies is almost completely diffractional and occurs at very small angles 
which are the smaller, the larger the dimensions of a nucleus. Special methods are 
necessary in order to fix small distortion of tracks in elastic nuclear scattering. _ 
In all the cases of nucleon and pion interaction with emulsion nuclei, for which 
the values of the mean free paths are presented in Tables VI and XIV, we took 
into account, besides inelastic interactions, only elastic scattering on hydrogen 
at comparatively large angles!”). The maen free path in these cases is equal to 


L= {= Niop + Ny ths (1) 


where Ny is the number of hydrogen nuclei in 1 cm? of emulsion; 
N, is the number of nuclei of other elements in 1 cm? of emulsion (see Table 
XXIII); 


Table XXIII. Emulsion composition (the number of nuclei in 1 cm?; NV: 10-2?) 


Element 
Emulsion te 


2,93 | 1,39 
337 1,36 


NIKFI-P 
Ilford G-5 


0,37 
0,29 


1,02 
1,02 


1,06 | 1,02 


1,02 1,02 


o¢ is the total cross section for primary particle interaction with hydrogen; 

oi, are the cross sections for inelastic interactions of this particles with other 
nuclei. 

At high energies when the wave length of the particles interacting with emulsion 


is much smaller than the nuclear dimensions, the optical model can be applied 
[401, 435]: 


lo} 


a “¥ saa : i = nfeirrea| Ay (2) 


0 


“") Of course, those events of elastic scattering on hydrogen when the particles are flying 
at very small angles are not fixes either. At energies 7’ > (10 + 15) Bev in (1) o% should 
be, strictly speaking substituted by oj,. However, as the estimates show, the contribution 
of such interactions cannot change appreciably the magnitude of the mean free path. 


Here 
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is the distribution of matter in a nucleus of the i-th kind; the coefficients c; and 
z; are determined in the experiments with fast electron scattering on nuclei 
[435]. 

The absorption coefficient k; = d;o1, where 


4 


(ee 


i(r) dr 


is the mean nucleon density in a nucleus with an atomic number A, (see Table 
XXII). 

Formula (2) is correct at 7 > 1 Bev. With energy it can be applied better. 
The calculated values of L are ploted in Fig. 17 against the magnitude of the cross 
section ot. As the calculations have shown the difference in the paths L(o:) 


80 : aes 
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Fig. 17. Mean free path of particles in emulsion Z is plotted against the total cross section for the interaction of 
‘ these particles with nucleons ot. The ordinate axis is the values of Z in cm; the abscissa axis — the 
values of the cross section ot in the units of 1077 cm*. 


in the emulsions of Ilford G—5 and NIKFI—P are negligible [437]. The curve 
L(o;) in Fig. 17 is applicable to both types of emulsion. The values of the Cross 
sections o; presented in Tables VI and XIV have been obtained with the aid of 


this curve. 
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In dem Werk wird die Anwendung der Vektor- und Matrizenrechnung sowie der 
linearen Integralgleichungen auf die Biegungen und Schwingungen linearer Kontinua 
behandelt (gespannte Faden mit diskreten Massenpunkten sowie Saiten und Stabe 
mit beliebiger Massenverteilung). Dabei auftretende Vorzeichenfragen werden ein- 
gehend diskutiert. Die zahlreichen Arbeiten der beiden Verfasser iiber dieses Thema 
sind iibersichtlich zusammengefaBt. Da in einem Anfangskapitel auch die erforder- 
lichen Siatze der Matrizentheorie hergeleitet werden, ist ungefaihr die Halfte des 
Werkes nur mit Kenntnis der Differential- und Integralrechnung lesbar. Die spateren 
Kapitel setzen einige Kenntnis iiber lineare Integralrechnung voraus. 
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